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Introduction 



The development of electrical power apparatus shows a distinct trend 
towards greater size and increasing power density of units. At the same time, 
increasingly more severe demands are being made on the reliability of such 
equipment. However, over-dimensioning can be less and less tolerated for 
economic reasons. Modern insulation technology is thus being faced by 
important problems. Increasing attention is being paid to insulation research 
owing to both the progressive exploitation of the potentialities inherent in 
materials and the accelerating rate at which new materials become accessible. 
Against this background, there is no doubt that the study of insulation ageing 
is an important subject. 

When insulation is subject to a high electrical stress, partial discharges 
become a phenomenon of great relevance to insulation ageing and insulation 
lif e. Cables and capacitors are examples of equipment in which partial discharges 
cause breakdown within a relatively short time. On the other hand, in the 
case of rotating machine insulation, damage due to discharges may cause 
slight and slowly progressing deterioration. 

The problems related to partial discharges and their effects on insulation 
may be divided into different aspects as, for example, in the following way: 

1. The occurrence of partial discharges 

2. Gas discharge physical mechanisms 

3. Effects on condensed matter 

4. Ageing of insulating materials and insulation; discharge resistance testing 

5. Detection and intensity measurement 

6. Discharge protection 

A great number of papers have been published in this field. Bibliography 
can be found in review papers and books, e.g., in Whitehead's monograph 119 , 
in Mason's reviews of breakdown in solid insulation 77 and of discharge in- 
tensity measurement 81 , and in Kreuger's monograph on discharge detection 
and measurement 66 . Problems related to discharge measurement and resistance 
testing of materials have been systematically treated in papers, reports and 
theses by workers in university and research laboratories, e.g., the Laboratoire 
de Genie Electrique of the University of Toulouse in collaboration with 
Electricite de France (Lacoste, Leroy), the Laboratoire Central des Industries 
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Electriques in Fontenay-aux-Roses (Herou, Fabre, Fallou, Knosp), the 
Electrical Industries Research Association (Garton, Mason, Mole, Parkman) 
and the Central Electricity Research Laboratory (Stannett, Douglas), both at 
Leatherhead. Important contributions in this field have been made by workers 
of industrial laboratories in several countries. 

The subjects 1, 4, 5 and 6 in the above list are the ones that have been most 
frequently treated in the literature. Physical studies in the domains 2 and 3 
are sparse. 

The present paper is concerned with the methods of partial discharge re- 
sistance testing of insulating materials. It begins with a brief description of the 
occurrence of partial discharges, discharge mechanisms and discharge action 
on matter. This chapter mainly aims at giving information required in con- 
nection with the subsequent exposure. Repetition of information which 
may be found in the reviews is avoided as far as possible. 

The second part of the paper presents published testing methods. The dis- 
cussion of the methods is preceded by a description of some cases of discharge 
ageing in rotating machine insulation. The greater part of this material has 
not hitherto been published. After this, some guiding principles for the ac- 
celerated ageing testing of insulation are proposed. Different approaches to 
discharge resistance testing are critically reviewed against this background. 

Testing methods adopted in the author's laboratory are described in the 
third part of the paper. The effects of experimental parameters are discussed 
against the background of accumulated experience. Tests providing supple- 
mentary information on the discharge resistance of insulating material are 
recommended. A new simplified approach towards the assessment of the 
internal discharge resistance of materials is suggested on the basis of the 
results of separate studies 55 ' 56 , which clarify the background for the deter- 
mination of the energy dissipation from internal discharges. 
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Definitions and notation 



Definitions 

Systematic efforts to obtain a standard terminology, especially within 
IEC TC 42, seem to be bearing fruit. Since unified terminology is a great 
advantage, the author has refrained from suggesting his own terminology and 
has chosen to follow recommendations given by Mason 80 and Kreuger 66 . 
The notation and dimensions used are based on international standards 50 . 

Partial discharge 

An electrical discharge that only partially bridges the insulating medium 
between conductors, i.e., internal and surface discharges and corona. 

Internal discharges 

Partial discharges in cavities or at the edges of conducting inclusions in solid 
or liquid insulation. The cavity may be entirely enclosed in insulation, or 
it may be covered on one side by a conductor. 

Surface discharges 

Partial discharges from a conductor in a gaseous or liquid medium on to 
or across the surface of solid insulation that is not covered by the conductor. 

Corona 

Partial discharges in gases or liquids around conductors that are remote 
from solid insulation. 

Discharge-inception voltage 

Lowest voltage at which discharges of a specified magnitude recur in suc- 
cessive cycles when an increasing alternating voltage is applied to insulation. 

Discharge-extinction voltage 

Lowest voltage at which discharges of a specified magnitude will recur 
when an alternating voltage, which exceeds the discharge-inception voltage, 
is reduced. 
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Discharge-ignition voltage 

Voltage that must be applied between conducting or dielectric surfaces 
to cause a discharge in the gas between them. 

Discharge remanent voltage 

Minimum voltage between conducting or dielectric surfaces that will maintain 
a gas discharge between them. 

Discharge magnitude 

Loss of charge, as measured at the terminals of a sample, caused by a 
single discharge. 

Discharge energy 

Energy dissipated by a single discharge. 

Discharge resistance of insulating materials 

Resistance of a material to deterioration and dielectric breakdown when 
exposed to discharges under prescribed test conditions. 
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Notation 

U volts Voltage, actual value. Values characteristic of alternating 

voltage may be denoted by (R.M.S.), (peak) 

Ui volts (R.M.S.) Discharge-inception voltage 

U e volts (R.M.S.) Discharge-extinction voltage 

U di volts Discharge-ignition voltage 

U dl . volts Discharge remanent voltage 

U p volts Paschen breakdown voltage of a gas 

C farads Capacitance of a specified object 

c farads Local capacitance related to an individual discharge 

d d metres Thickness of a dielectric layer 

d g metres Thickness of a gas layer, in particular a gap with constant 
width 

k Relative permittivity of dielectric 

y Q _1 m _1 Conductivity 

I m amperes Current reading of mean-discharge-current measuring 
device 

I mc amperes Current correction for power-frequency component 

I md amperes Mean discharge current 

Q coulombs Discharge magnitude 

TV Number of discharge pulses 

N hertz Discharge pulse rate 

/ hertz Frequency of alternating voltage 

^ joules Discharge energy 

W tot joules Energy dissipation from discharges in an object 

t seconds Time 

P watts Power dissipation from discharges in an object 

G J/kg Index characterizing the discharge resistance of insulating 



materials in tests giving a measure of the quantity of 
eroded material. 
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1. The occurrence of partial discharges and their action on 

materials 



1 . 1 General description 

Partial discharges consist of local gas discharge pulses of very short duration 
occurring when the breakdown strength of a gas space in, or adjacent to, 
insulation is exceeded. It is a characteristic feature of partial discharges that 
charge deposition on an insulating surface from the individual discharge 
pulse alters the field distribution and thus affects the conditions f or the occur- 
rence of subsequent discharges. Partial discharges at direct voltage have been 
studied by Salvage 104 - 105 and by Rogers and Skipper 103 and will not be 
discussed in this paper. In the case of an applied alternating voltage, a regular 
succession of discharge pulses in synchronism with the time derivative of the 
voltage occurs. 

The breakdown strength of a gas is a function of its composition, pressure, 
the electrode spacing and field geometry. Paschen's law states that the break- 
down voltage is a function of the product of distance and gas pressure. 
Temperature and pressure variations of the breakdown voltage of a gap with 
given thickness can thus be derived. Paschen's law is valid up to about 10 5 
V • torr. For the case of metal electrodes and homogeneous fields, the well- 
known Paschen curves apply, see Fig. 1.1. The findings of Hall and Russek 40 , 
which are confirmed by, e.g., Fieux's measurements 33 , are widely held in sup- 
port of the view that the Paschen values are also valid f or the case of dielectric 
boundaries. Other workers, e.g., Mason 75 , consider that breakdown against a 
dielectric boundary occurs at a slightly lower voltage. 

In the review by Mason 77 and in Kreuger's book 66 the applied voltage 
corresponding to the local discharge-ignition voltage of a gas volume is given 
for different geometrical configurations of the solid boundaries. 

The discharge repetition rate at alternating voltage in small cavities in insula- 
tion is determined by the amplitude and frequency of the voltage as illustrated 
in Fig. 1.2. a, where the whole cavity is assumed to be uniformly affected by 
each discharge pulse. The pulse repetition rate can be easily derived and is 
f ound to be 

If (peak) 

N=4-^- J f Hz 

V* t -XJ Ar 
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Fig. 1.1. Homogeneous field breakdown voltage U p of air, nitrogen and hydrogen at atmos- 
pheric pressure as a function of the electrode spacing. 



where 

U g =the voltage across the cavity 
C/ d£ , U dl . = the discharge-ignition and discharge remanent voltages 
/ = the frequency of the voltage 

At the same time, the voltage across the dielectric in series with the cavity 
varies as shown in Fig. 1.2. b. 

This implies that the voltage across the cavity varies between the limits 
U di and U d „ whereas the applied voltage is U=U (peak) sin cot. Once a 
discharge has occurred at an applied voltage U i0 , e.g., if induced by an over- 
voltage peak or by primary ionisation caused by a high-energy particle 
traversing the void, subsequent discharges will even strike at a lower amplitude 
of the applied voltage, ideally almost down to 0.5 U i0 . The possibility of a 
still lower limit is discussed by Veverka 114 . The occurrence of discharges in 
voids is treated in great detail in Whitehead's book 119 . 
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Fig. 1.2. Variation of voltage with time. 

a. Across void. 

b. Across dielectric in series with the void. 

If the gas space is limited by extended parallel plane boundaries, individual 
discharges occur locally and affect a limited part of the gap. A family of 
discharges distributed over the gap as shown in Fig. 1.3., which reproduces 
an oscillographic record of a discharge group during one half -cycle of the 
applied voltage, now corresponds to each discharge pulse in a small cavity. 
The pulse sizes appear to vary in a random way. Pulse-size distributions and 
their dependence on various parameters have been studied by several workers, 
particularly by the Toulouse school 19 . An interesting feature of pulse oscillo- 
grams like the one shown in Fig. 1.3 is the low degree or even lack of correlation 
between the pulse size and the instantaneous value of the applied voltage. 
This might appear rather surprising in view of the time interval between the 
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Fig. 1.3. Oscillogram of discharge pulses in a gap between a conductor and a dielectric 
during one half -cycle of the voltage. 



first and the last pulse of a group not being at all negligible compared with 
the duration of the voltage half-wave. It might be expected that the domains 
of the gap which are discharged in about the middle of the pulse sequence 
would be over-stressed and that the corresponding discharge pulses would 
be above the average. That this is not generally the case indicates the presence 
of interf erence between statistical distributions affecting the individual discharge 
both in time (the time lag for the individual discharge) and in space (local 
modifications of the field distribution and dispersion in magnitude of the 
primary and secondary phases of the discharge, see 1.2.). The following qualita- 
tive picture might be envisaged. The first discharge in a series strikes at a site 
on the gap boundary, where surf ace charges from a major previous discharge 
of opposite polarity remain, or which has an irregularity giving rise to field 
distortion, or has increased electron emission properties. This results in a 
local field reduction having a certain protective range. The second discharge 
consequently strikes at some distance away, when the next site reaches the 
critical conditions, and so on. The site farthest away is on the edge of the 
discharge zone. A certain intensification of the discharge action at the edge of 
a zone with constant gas gap is often observed 36 . This picture implies what is 
generally assumed but rarely stated 43 ' 94 , namely that the voltage across a gap 
of constant thickness between insulating surfaces only changes slightly at and 
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above the ignition voltage, while the voltage applied to the external electrodes 
rises or decreases sinusoidally with time. Discharges in subsequent voltage 
waves would have a tendency to occur at the same places, which is in accordance 
with much experimental evidence. The distribution and size of surface charges 
remaining after discharge pulses have been studied by means of a dielectric 
powder technique by Bertein 12 . Surface charges and local property changes 
of exposed polyethylene have been investigated by Thomas by means of both 
a powder method and a technique of "heat development" of the affected 
areas 112 . The size of the areas affected by discharges has been shown to vary 
statistically. This area is influenced by the surface resistivity. Grosskreuz 39 
uses a xerographic method f or evaluating the discharge size. 

A formal application of the pulse rate/applied voltage considerations for 
small voids to the parallel gap case would lead to the expectation of a step- 
shaped pulse rate/voltage amplitude dependence. However, the statistical distri- 
bution of the discharge-pulse sizes tends to smooth out the steps. Bartnikas 9 - 10 
has perf ormed measurements which indicate that the smoothing is almost com- 
plete; the pulse rate/voltage distribution scarcely reveals any trace of steps for 
voltages corresponding to integral multiples of the discharge-inception voltage 
of the gap. Similar results have also been obtained by Boning 17 . 

Fig. 1.4. shows a typical example of the pulse rate/voltage dependence 
measured by the author in the range between once and twice the inception 
voltage in a gap of constant width. 

Voids and gaps occurring in practice usually have geometrical configurations 
and surface properties which do affect the occurrence of discharges in a more 
complicated way than discussed above. However, what is said above applies 
as a qualitative description of some typical aspects of the phenomena. 

In closed voids the situation is complicated by discharge effects acting 
back on the discharge conditions. Self-extinction of discharges 40 ' 77 - 93 ' 102 
is a well-known phenomenon in this connection. Self-induced discharge in- 
tensity changes may be caused by variations in the composition and pressure 
of the atmosphere in the cavity, and by the formation of a conductive surface 
layer (see 1.2.). Depending on the nature of the mechanisms involved (forma- 
tion of discharge products, secondary chemical reactions, diffusion, etc.), the 
level of the discharge intensity may be stable, slowly varying or fluctuating with 
discharge-free intervals. In polyethylene, f or example, periods with discharges 
have been observed with discharge-free intervals of several hours 102 . 

The shape of the void is of importance to the discharge intensity. The 
field in ellipsoid-shaped voids departs from homogeneity, if the size of the 
void is comparable with the electrode spacing 105 . In flat voids, field distortion 
at the edge increases the discharge intensity as demonstrated by Heller 42 . 

Pulse amplitude measurements in voids in different dielectrics are reported 
by Dakin and Works 25 . 
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Fig. 1.4. Discharge pulse rate in an air gap of constant width as a function of 

the applied voltage. 



For the special case of spherical voids in a dielectric, the screening action 
of a conducting surface layer has been theoretically derived in 54 . If the di- 
electric has the relative permittivity k 3 and negligible conductivity, while 
the surface layer with inner and outer radii r 1 and r 2 has the relative per- 
mittivity k 2 = k 2 and the conductivity y 2 , the relative permittivity of the gas 
in the void being assumed to be unity, the expression for the ratio A of the 
homogeneous electrical stress in the void to the stress in the undisturbed 
dielectric is approximately 

A«1.25x 10~ 8 



if y 2 is given in Q _1 m -1 and a frequency of 50 Hz is assumed. 

Fig. 1.5 shows the dependence of A on r 1 /r 2 for different values of the para- 
meters & 3 and y 2 . 
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Fig. 1.5. Stress reduction in a spherical void with a conducting surface layer. 



Information about y 2 and r x -r 2 , e.g., from studies of discharge action on 
insulating materials, enables the screening effect on internal discharges in 
small voids to be estimated. 

Discharges from metal or other conducting edges in contact with insulation 
occur along the surface of the insulation. Owing to greater feeding capacitance, 
their intensity exceeds that of the types of discharge discussed above. Mason 79 
has described the evolution of radial discharges into ring-formed discharges 
in air at normal pressure, and in other atmospheres. His explanation of the 
phenomenon is based on the assumption that positive ions accumulate in an 
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Fig. 1.6. Radial and circular discharges from a cylindrical electrode in contact with a plane 

insulation surface. 

annular zone around the electrode. A powerful radial discharge produces 
a local field, which forces it to develop into a circular discharge. The author 
has observed similar phenomena in air at atmospheric pressure, see Fig. 1.6 52 . 

1.2 The individual discharge pulse 

The physics of partial discharge pulses are not yet well understood. 

Individual pulses in flat voids in polyethylene have been studied by Mason 75 
with a photographic technique. In voids 0. 3 mm deep circular light spots 
0.2-0.5 mm in diameter were recorded at the discharge-inception voltage. 
Increasing of the voltage produced patterns of considerably greater size, 
both star-shaped and of a diffuse circular shape. 

Discharge pulses are extremely f ast. Most published results of pulse shape 
recording seem unconvincing owing to excessive response time of the 
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measuring circuitry. Bui-Ai 19 describes different pulse shapes, depending on 
polarity, for discharges between a conductor and a dielectric. The results 
of Bailey obtained by means of a sampling oscilloscope with discharges in 
polyethylene 7 represent, to the author's knowledge, the best measurements up 
to now. He states that the main part of discharges in a 1.25 mm gap lasts 
less than 1 ns, preceded by a build-up time of about 2 ns. In small voids, 
build-up and rise times appear to be somewhat greater. The pulse shape 
changes with exposure time owing to changing insulation surface conditions. 
Surface discharge pulses last longer, 50-500 ns according to Kreuger 66 . 
Measurements of the light emission caused by discharges in voids 11 yield 
longer time intervals than current oscillograms. Afterglow due to different 
mechanisms can explain this discrepancy. 

A discharge pulse creates mobile charges which are transferred by the field. 
The actual charge transfer in the discharge is not accessible in principle to 
measurement. If suitable models are assumed, the charge transfer may be 
derived from pulse magnitude measurements yielding the change of polarisa- 
tion of the dielectric, when affected by the discharge. This question, which 
is of great relevance to our subject, is treated, for example, in Kreuger's book 66 , 
and in a very detailed manner by Bui-Ai 19 . It is dealt with in 1.4. and is also 
discussed in 56 . 

Discharge magnitudes, as derived from measured pulse magnitudes where 
simple analogue schemes are assumed, range from 1-300 pC in small voids in, 
e.g., polyethylene 75 , over 10 3 — 10 5 pC in gaps of constant thickness of the 
order of 1 mm between conductor and a dielectric ( 19 , own observations), to 
10 3 -approx. 2xl0 5 pC for surface discharges 79 . 

The elementary mechanisms active in discharges may comprise impact 
ionisation and excitation, radiation, photodissociation, electron attachment, 
recombination, and particle emission from surfaces. Investigations of the 
physics of discharges in narrow gaps at atmospheric pressure are not very 
numerous and they almost entirely concern discharges between conducting 
surfaces. As the author suggests in a separate paper 56 , there might be reason 
to expect that discharges against insulators possess some distinctive features 
as compared with discharges between conductors. 

As has been mentioned in 1.1, the validity of the Paschen values for the 
breakdown of gas in a homogeneous field between dielectric boundaries 
is assumed by many workers but opposed by others. 

It is an open question whether the affected part of a gap is completely 
short-circuited by the discharge, or whether there exists a voltage that is 
not negligible compared with the breakdown voltage at which the discharge 
is extinguished. Different views are held on this question, which are mainly 
based on discharge pulse measurements without reference to the underlying 
physics. 
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From gas discharge physics it is known that short Townsend avalanches 
and streamers have active diameters of 0.1 mm or less. On the other hand, 
the above-mentioned investigations of the dielectric surface area affected 
by one discharge range from maximum 3 mm diameter (Mason, discharges 
in voids in polyethylene 75 ) up to about 10 mm diameter (Bertein, surface 
discharges on insulating sheets 12 ). This discrepancy is explained by the ob- 
servation that discharges against insulation generally involve a sequence 
of events. The primary discharge directed against the surface creates conditions 
likely to initiate secondary discharges, of the type producing Lichtenberg 
figures, tangentially to the surface. This question, too, is discussed in 56 . As 
to the quantitative results of Bertein 12 and Thomas 112 , it may be suggested 
that powder patterns might be affected by pressure waves — discharges are 
distinctly audible — and that melting patterns probably have an energy thres- 
hold, the reported discharge areas, thus representing upper and lower limits, 
respectively. 

1.3 Discharge action 

The primary effects of discharges are due to electrons, ions and photons. 
Cumulative effects may consist in heating and mechanical impact of shock 
waves. 

1.3.1 Mol ecular seal e 

While photons and ions mainly supply the impact site with their potential 
energy, electrons also possess kinetic energy. In dense gases the probability 
of electrons possessing energies of, say two, three or more times the first 
ionisation level will be very small. Electrons with energies of 100 eV and above 
will scarcely occur at all in partial discharges. Most electrons will probably 
have energies below, perhaps, 30 eV. Chemical binding energies, however, 
are of the order of 1.5 to 4.5 eV, cohesion interactions between solids around 
0.1 eV, while the energy necessary to remove an atom from, for example, 
a metal or semiconductor crystal exceeds 25 eV 63 . Hougen 47 assuming a Max- 
wellian distribution of electron energies derives 4.2 per cent of the free electrons 
in a gas having energies in excess of 1 1 eV. 

The primary action of discharges influences both the gas volume and the 
solid boundaries. The production of ozone and nitrogen oxides in air is well 
known. It is rightly held 37 that even pure nitrogen, when subject to discharges, 
is not a chemically inert medium. Noble gases, although chemically inert, 
perhaps act on matter under the influence of discharges. The production of 
unstable excited and ionised species implies the possibility of energy transfer 
from noble gases to other matter capable of undergoing subsequent chemical 
reactions. 
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Ionisation and/or radical formation may occur on a surface exposed to 
discharges. These processes are not known in great detail. However, the primary 
interactions and associated secondary processes are held to be analogous 
to nuclear radiation effects, about which considerable experience has been ac- 
cumulated. A difference, however, consists in the penetration power. Discharge 
electrons and ions have a very short range indeed in condensed matter. The effect 
of the primary impact depends on the coupling energy in the affected matter 
between the impact site and its immediate surroundings. Takacs and Freeman 
have demonstrated that the ionisation cross-section of electrons with energies 
below 20 eV depends on the chemical structure of the target 111 . In the case 
of a polymer molecule, for instance, the immediately affected bond may be 
broken. Alternatively, the weakest bond in the structural group may subside 
(e.g., hydrogen evolution in polyethylene). Lastly, the excitation may be carried 
still farther and if distributed over a sufficient number of bonds, it may be 
dissipated into thermal vibrations. The stabilising action of charge-conjugated 
rings is explained in this way (e.g., the stability of polystyrene and aromatics). 

It is a general experience that charges deposed by discharges on dielectric 
surfaces often tend to be very resident 38 - 24 . Reynolds 98 - 99 , for example, has 
found from measurements that the same charge distribution remains on a 
polyethylene surface after one month's storage as immediately after discharge 
exposure. Electrons may be trapped in their place of incidence after hitting 
the dielectric surf ace. They may also — at least in matter with suitable molecular 
structure — migrate through short-range conduction mechanisms until they 
reach an energetically advantageous position, i.e., a trap. The location of 
electrons is thus not necessarily limited by the penetration depth as determined 
by their kinetic energy. However, the suggestion of Boeck 13 that discharge 
electrons successively penetrate deep into a polymer sample seems exaggerated. 
Similar effects may also influence the location of free radicals. A radical site 
may migrate without actual transport of matter when electrons switch over 
from one interatomic bond to the next one in some analogy to the diffusion 
of holes in covalent crystals 34 - 35 . 

The primary effects of discharge action on an atomic scale — ion and/or 
radical formation in a very narrow layer of the solid surface — are followed 
by one or several generations of alternative secondary effects, depending 
on the properties of the affected material and the nature of the ambient. Some 
of these effects are: a liberation of side groups from polymer chains accom- 
panied by the formation of double bonds (unsaturation); b scission of the main 
chain; c depolymerising chain reactions; d formation of cross-links between 
macromolecules; e oxidation; / oxidative degradation through action of 
secondary peroxide radicals; g dehydration of hydratised ionic crystals. 
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1.3.2 Microscopic and macroscopic scales 

In macroscopic terms, the processes enumerated above may manif est them- 
selves in several ways as, for example: gas evolution, decrease of the elastic 
modulus owing to the plastifying effects of small molecules or reduction of 
chain length, increased stiffness and brittleness, i.e., rise of the elastic modulus 
and simultaneous decrease of the ultimate elongation, stickiness, colour 
changes, change of chemical surface activity, change of permittivity and 
resistivity. Such changes may continue even after termination of the primary 
cause if they are caused by secondary reactions, which imply, for example, 
diffusion from the surface or from deeper lying parts of the volume. After- 
effects of this sort may often show a marked temperature dependence. The 
temperature may also influence the dominating character of the changes in 
a material exposed to discharges, since many insulating materials consist 
of more than one molecule species. Moreover, different secondary reactions 
may compete in a microscopically homogeneous material. Thus, for exam- 
ple, a polymer may be degraded by oxidative breakdown at the surface and 
at the same time undergo embrittlement due to cross-linking somewhat below 
the surface. Local stresses may be produced and lead to the formation and 
propagation of surface cracks, which may expose new surfaces to the action 
of the discharges. 

Some guidance on the behaviour of polymers under the action of discharges 
may be found in the literature on radiation effects, e.g., the monographs by 
Charlesby 21 , Bolt and Carroll 14 and Kircher 63 , where also chemical protection 
by active additives is reviewed. Various aspects of the ageing of polymers 
are treated in 2 . 

Mason 75 gives interesting estimates of the temperature rise of the portion 
of a polymer surf ace affected by a single discharge pulse, assuming that the 
energy is initially concentrated in a volume given by the bombarded area and 
the depth of heat penetration during the life of the pulse. He arrives at tem- 
perature rises of from some few to several hundred degrees, which is compared 
with, for example, the softening point of polyethylene of about 110°C. He 
estimates the volume of polyethylene eroded through thermal action by each 
discharge to be of the order of 0.001 //m 3 . Garton 37 extends the calculation 
of the dissipated heat to the partial discharge itself and arrives at the conclusion 
that heat dissipation at the dielectric boundary is probably at least one order 
of magnitude less than the values derived by Mason. 

The portion of the discharge energy striking an insulating surface without 
producing immediate chemical effects — the efficiency of primary chemical 
action owing to single-particle events probably being low — might be assessed 
qualitatively along these lines. Perhaps this reasoning might be extended 
with advantage from organic polymers, which manifestly are subject to con- 
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siderable chemical change, to materials with ionic bonding (mica, glass) 
and metals, which possess a greater resistance to the primary effects of dis- 
charges. The known effects of discharges on, for example, mica and metal 
surfaces might well justify an explanation in terms of local heating. 

Oxidation is a mechanism of considerable importance to the behaviour of 
insulated metal surfaces exposed to discharges. The oxygen may be present in 
the atmosphere or, in the case of internal discharges after oxygen exhaustion, 
come from the insulation (dissolved oxygen, oxygen liberated during in- 
sulation deterioration). Nitrous compounds are likewise often formed. 

A secondary deterioration mechanism on insulating surfaces exposed to 
discharges is suggested by Thomas 112 . If electrons penetrate beneath the 
surface, the next discharge of opposite polarity at the same site leaves a positive 
charge owing to deposition of positive ions or extraction of electrons. A double 
layer of opposed charges is thus formed. The properties of such charge distri- 
butions have been investigated by Gross, see, for example, 38 . If the resulting 
field intensity exceeds the local dielectric strength of the surface layer, local 
breakdowns may occur and produce microscopic channels in the surface layer. 

Mason 75 - 76 ' 77 describes the typical progress of macroscopic discharge 
attack on a plane polymer surf ace and states that it proceeds in three main 
stages: 1. Uniform degradation of the surface; 2. Formation of local pits; 
3. Growth of one or a few deep channels. 

A point of considerable interest in the first stage is the width of the directly 
affected layer. Mayoux 83 of the Toulouse school has studied this question 
with polyethylene exposed to discharges in air by applying a combination of 
infra-red spectroscopy and capacitance measurements. He concludes that a 
layer approximately 50 /mi thick of degraded polyethylene is formed, after 
which it is gradually eroded away from the surface and grows with the same 
speed at its interface with the sound material. Thus, a 50 jum degraded layer 
is eating its way downwards. This layer has an irregular, spongy structure. 

Ilcenko 49 reports a transition from extended to local attack at increasing 
intensity of internal discharges. 

Mason's third stage seems to correspond to the phenomenon known as 
treeing from conductors or inclusions into insulation, i.e., the gradual penetra- 
tion of tree-like channels. It has been described by, among others, Kitchin 
and Pratt 64 and by Olyphant 89 - 90 , and reviewed in 23 . Investigations of the as- 
sociated breakdown mechanisms have been published in 28 ' 73 ' 106 ' 110 - 116 ' 117 . 118 . 

Olyphant 89 - 90 has explained that treeing is due to the action of discharges, 
starting either from a pre-existing void, or from a void produced by a partial 
discharge at, for example, a sharp metal point. Discharges are detected in 
insulation with a growing tree. Their magnitude differs depending on whether 
the channel formation is accompanied by the formation of conducting deposits 
on the wall or not. If the tree is isolated from the external atmosphere, the 
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growth is accompanied by a pressure increase in the void as demonstrated by 
Bolton et al. 15 . A tree that penetrates insulation between conductors need not 
immediately establish a conducting path. Lif e measurements have demonstrated 
(Olyphant 89 , own observations) a voltage life of samples with trees, which in 
some cases was considerably longer than the time to complete penetration of the 
insulation. Stobernack 110 has observed the existence of an induction period 
before the first signs of treeing become evident. The importance of spurious 
over-voltages for initiating the treeing process is mentioned by Olyphant 90 . The 
propagation of treeing channels has been studied by Baker 8 by means of a 
cine-film technique. Treeing in acrylate glass was shown to proceed in a stepwise 
fashion. Similar findings with an epoxide resin are mentioned in 3.9. 

The fact that the walls of a growing tree may be insulating or conducting 
suggests a qualitative explanation of the varying tendency of branching of 
trees during growth in different materials. A channel with conducting walls 
may be assumed to be more or less at unif orm potential. Subsequent discharges 
may be expected to occur at the tip of the channel and lead to linear growth. 
If, on the other hand, the tree walls are insulating, a single discharge may 
create a surface charge speck at some point of the channel surface depending 
on the local field structure. The next discharge of opposite polarity has a 
great probability of striking at the same point. Side channels may be produced 
in this way. 

As has been mentioned in 1.1., the resistivity of an insulating surface exposed 
to discharges tends to change, usually downwards. 

Apart from short-range electronic conduction in macromolecules, which 
is unimportant from a macroscopic point of view, electronic conduction 
occurs in carbon deposits. Electrolytic conduction appears to be the most 
important mechanism for discharge-induced reduction of the surface resistivity. 
Measurements of the changes of the surface resistivity of insulation during 
and after discharge exposure have been published in, for example, 13 ' 29 . 

Discharge- and radiation-induced changes of the surface activity of polymers 
have been studied in, for example, 30 - 31 . 

The discharge action on materials is treated in, for example, 77 - 92 > 94 (various 
materials), 20 (epoxide resins), 32 (polyvinyl chloride) and 16 (micaceous insula- 
tion). Test results are reported in, for example, 44 - 45 > 48 > 58 > 74 > 96 > 120 . 

The related problem of high- voltage tracking on polymer surf aces and the 
possibility of insulation improvement is treated in, for example, 95 . 

1.4 Electrical characteristics 

The magnitude, rate and energy of partial discharges are usually discussed 
on the basis of more or less elaborate circuit analogies of systems consisting 
of the voltage source, the stressed gas volume, the solid insulation, which 
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Fig. 1.7. Analogue network for the analysis of partial discharges in a gap bounded by insula- 
tion on both sides. 



is characterised by its dielectric permittivity, the surface resistivity, where 
exposed to discharges, and of associated circuit components such as impedances 
in the source and the measuring circuit etc. For systematic surveys and bib- 
liography reference should be made to the reviews of Whitehead 119 , Mason 77 
and Kreuger 66 . The assessment of the discharge intensity by means of dielectric 
loss measurements has also been studied by Boning 18 . Some points of special 
importance to our subject will be briefly treated in the following. 

A general circuit analogy is shown in Fig. 1.7. When the applied voltage 
increases, at some location in the gap denoted 1, a certain area represented by 
C\ is partly or completely discharged within a very short time. This leads 
to rearrangements of the charge in the dielectric in series with the discharge 
site, i.e., c 1 da and c 1 db . Surface gradients are set up which also contribute to 
the redistribution of the charges, through coupling of, for example, the c 2 's 
through the surface impedances c\' 2 , R{' 2 , c\; 2 , R\; 2 , etc. Secondary surface 
discharges may result, if the surface fields exceed a certain limit. The regions 
a and b may consist of the same or different dielectrics. As far as the author 
knows, no complete analysis of the general case, which furthermore should 
be treated in terms of cylindrical co-ordinates with the active discharge site in 
the centre, has been published. The cases treated in the literature are far- 
reaching simplifications. 

If the gap is bounded by a conductor on one side, the region da, for example, 
vanishes as do the coupling impedances on the a-side, where the c g 's are con- 
nected. The remaining analogy is still complicated. Since transversal coupling 
of the discharge site with the surroundings is an undisputable experimental 
fact, attempts at an analysis have been undertaken by, for example, Heller 41 , 
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Boning 17 , Veverka 115 and Riege 100 . These authors have chosen to consider 
resistive lateral coupling. As a consequence of what is empirically known 
about the low mobility of surface charges on dielectrics exposed to discharges 
on the one hand 24, ", and the conductivity level required to give any appreciable 
coupling effects on the discharges on the other hand 43 , the author believes 
that capacitive lateral coupling also deserves attention. 

A more far-reaching simplification is to disregard surface phenomena and 
to reduce the gap-dielectric analogy to a parallel arrangement of the active 
discharge site and the rest of the inter-electrode content lumped into one 
single capacitance. This circuit is illustrated in Fig. 1.8. 
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Fig. 1.8. Simplified analogue network for the analysis of the energy dissipation from partial 

discharges. 



The energy dissipation from one discharge pulse is: 
W = AQ p (i+^j(U di +U dr ) 

AQ p is the charge supplied to the network when the initial voltage between 
the electrodes is restored. For the derivation of the equation, see 56 . 

A measure of the total dissipated energy or of the discharge power can be 
obtained through the determination of the pulse magnitude and pulse number 
or pulse rate. Pulse magnitude measurements with discharge detectors usually 
yield a value which in some way or other represents the statistical pulse 
amplitude distribution (the maximum pulse during a standardized time interval, 
the most probable pulse per cycle, etc.). Pulse rate measurements usually 
yield the total rate of pulses above a certain threshold or the rate of the pulses 
(maximum, most probable, etc.) given by the discharge detector. Variations in 
the pulse size distribution — either between different exposures or gradually 
during one exposure — may affect the ratio between the derived discharge 
energy or power and the true discharge energy or power. 

When the mean discharge current is measured, the measuring procedure 
itself gives a proper averaging. 
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The factor 1 + C g /C d in the energy equation reflects the fact that the energy 
dissipated by a single discharge exceeds %c g (Ujf-Uj r ). An additional contri- 
bution stems from the charge flow, which causes a change in the polarisation 
of c d , as has been pointed out in 27 and further discussed in 54 - 56 . Garton 37 
and others have earlier drawn attention to this effect without commenting 
on it in details. It is implicitly contained in Kreuger's 66 derivations of discharge 
characteristics. 

The coupling effects between discharge sites in gas-solid dielectric arrange- 
ments of various types have been theoretically studied by some workers. Bui-Ai 
19 , for example, demonstrates that discharges on one side of a dielectric plate 
with gas gaps on both sides provoke and influence discharges on the opposite 
side. 

The presence of a series impedance between the object containing the 
discharge site and the voltage source affects the discharge magnitude and pulse 
rate, as has been observed in this laboratory (see 3.6.) and analysed theoretically 
by Bui-Ai 19 . The effect of a series resistor on the pulse rate is equivalent to a 
rise of the discharge remanent voltage. 
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2. Discharge resistance testing I. Principles and survey 

2. 1 Deterioration of electrical insulation owing to partial discharges 

Ample experience has been accumulated to prove that electrical insulations 
when exposed to partial discharges are liable to undergo damage leading to 
faults within time intervals far less than lifetimes under similar conditions, 
but in the absence of discharges 22 ' 70,71 . The following practical examples 
may illustrate some points of interest. 

Two water-wheel generators, each rated at 40 MVA, 9800 V (R.M.S.), 50 Hz, 
with shellac-micaf olium stator insulation were installed in 1939 at Stads- 
forsen Power Station in the north of Sweden. During the war, the decision 
was taken to run the generators at overload and to accept a reduced lifetime 
of the insulation owing to the excessive thermal loading. One of the generators 
was rewound in 1953 after more than 110,000 service hours, of which 40 per 
cent at overload. The other generator was kept in service until a fault occurred 
in 1958. A considerable part of the stator winding of both generators under- 
went examination. The general findings, as reported by Nylund 86 - 87 , were the 
f ollowing. All investigated coils in the first generator showed signs of thermal 
ageing in the coil-end insulation and in the slot insulation adjacent to the 
conductor strand. The binding and shellac resins in coils, which were only 
thermally aged, were no longer thermoplastic, and the organic wrapping (paper, 
textile) had become brittle. Nevertheless, the conductor strand was still rigidly 
anchored in the main insulation, which indicates that the coil as a whole 
was still able to take up the mechanical constraints occurring in service. 
While the thermal constraints were similar for all of the examined coils, the 
electrical constraints were different, depending on the location of the coil in the 
phase group. The investigation revealed that the state of the coil insulation 
was closely related to the coil voltage. 

Three ageing groups could be discerned: 

1. 0-3 kV to earth: thermal ageing only. 

2. 3-4.3 kV to earth: more pronounced ageing, partial loss of adherence 
between conductor strand and insulation. 

3. 4.3-5.6 kV to earth: far-reaching destruction of organic components, 
local calcination of mica splittings, strands movable in insulation, strand 
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insulation heavily degraded, presence of oxidation products in insulation 
and on copper strands (also nitrous compounds). Damage on outer surface 
of insulation. 

These findings clearly demonstrate the effects of partial discharges on in- 
sulation. However, it should be borne in mind that the discharge action in 
the related case was combined with thermal ageing. The above-mentioned 
thermally induced increase in the rigidity of the binder might have aggravated 
the tendency of the insulation to delaminate under the action of mechanical 
constraints, which could have led to increased discharge activity in the in- 
sulation. Moreover, mechanical action, e.g., relative movement due to vibra- 
tions, seemed to have contributed to the insulation deterioration as witnessed 
by the presence of powder, together with chemical deterioration products, 
in fissures. The insulation of all the coils in the voltage range above 4.5 kV 
to earth was judged to be liable to failure owing to the bad condition of the 
strand insulation. 

The most far-reaching examples of ageing were found in some coils from 
the second generator, which had suffered electrical faults. After the strand 
insulation had heavily deteriorated as described above, individual strands 
had gradually entered into relative motion with a grinding effect on each 
other and on the slot insulation. This phenomenon has also been observed in 
another machine. 

Figs. 2.1-2.3 illustrate the insulation damage described above. 

Another case of interest is the ageing of 6.6 kV electric motors. Insulation 
damage has been observed which cannot be attributed to thermal ageing 
alone. Roberts, 101 for example, describes damage at line voltage predominantly 
in interturn insulation and acid attack on the copper conductors in the slot 
part of stator coils. The role of partial discharges is thus evident. However, 
deterioration has been demonstrated in some cases in coils at voltages below 
the level at which intensive discharges in voids would be expected 6 . Thus, 
chemical deterioration sometimes occurs in a way and in sites which requires 
a more complex interpretation. Electrochemical corrosion mechanisms initiated 
by the chemical action of discharges have been proposed as an explanation as 
mentioned in 53 . 

These examples of discharge action on machine insulation demonstrate the 
complexity of the ageing situation. In contrast to, for example, homogeneous 
cable insulation, where the relevant feature of the discharge action is the gradual 
loss of dielectric strength of the insulation between the conductor and earth, 
the effects of discharge action in rotating machine insulation should be judged 
in relation to the combined dynamics of electrical, thermal, mechanical and 
chemical factors liable to influence the state of the insulation. 

It is generally accepted in modern electrical power engineering that the 



29 



Fig. 2.1. Generator coil insulation damaged by partial discharges. 




service life expectancy of apparatus is influenced to a considerable degree 
by the occurrence and intensity level of the discharges. The question of ac- 
ceptable discharge intensity levels is of great importance in this connection. 
It is generally agreed that there is probably no safe threshold below which 
discharges would be completely innocuous. On the other hand, accumulated 
service experience demonstrates a satisfactory functional ability of apparatus 
in which discharges do occur. Different views on the discharge problem 
have developed in different fields of power engineering. Where insulation is 
subject to heavy electrical stresses, as, for example, in cables and capacitors, 
the tendency is to avoid discharges. The main attention is directed towards 
sensitive discharge detection techniques in order to assess product quality. 
International and national standards for such products pay much attention 
to the sensitivity thresholds of discharge detection equipment. Product devel- 
opment on the basis of acceptable levels and increased discharge endurance 
of insulation is attempted with great caution. 

On the other hand, in rotating machine and to some degree in transf ormer 
engineering, there is a greater tendency to accept the presence of discharges 
during service. Consequently, the requirements on sensitive discharge detection, 
although still considered to be of great importance, are not so extreme. At 
the same time, the assessment of the discharge endurance of insulating materials 
and insulation is given very close attention. This is why extensive efforts are 
being made to develop adequate materials testing techniques. 



2.2 On the principles of ageing testing 60 

The purpose of the testing of materials or devices is to obtain information, 
with the alternative aim of contributing to the realisation of a technical solution 
or of controlling the quality of a solution already obtained. The question to be 
answered by the testing is: what is best? or alternatively: is the solution good 
enough? It aims at the actual technical and economical function of the product 
in question and may be considered to have, in certain respects, a subjective 
aspect. The testing results, however, appear in terms of measured results 
and are therefore objective. Unawareness of this duality easily leads to miscon- 
ceptions concerning testing and interpretation of test results. 

Accelerated testing is needed f or the assessment of the deterioration in time 
of materials, structural elements, and products, i.e., ageing and wear. Its 
aim is to obtain some kind of life prediction. Although laws of general validity 
can hardly be laid down, the following rules may, however, be found to be 
of some use as a guidance in the choice of accelerated testing procedure 
suitable for specific purposes. 



31 



A test ought to give answers of the type "live/dead" or "good enough/ 
unsatisfactory" to permit the assessment of products or product parts so that 
either a choice can be made between alternatives or the quality of a choice 
can be verified. The quality criterion should be derived from technical experi- 
ence gained from similar products and ought consequently to be specific 
to a considerable degree. The stresses on the object under test ought to reproduce 
the technical service conditions as closely as possible. Care must be taken 
that the changes in conditions which constitute the accelerating factor of the 
test will not create a new situation f or the object. 

Tests aimed at producing guiding inf ormation of value to the development 
of products need not possess the same high degree of specificness. More general 
response criteria can be chosen. They should be correlated, however, to the 
objective physical, chemical and other conditions of the object under test. 

Intensification of the stresses to which the object is exposed may concern 
an intensive parameter, e.g., the temperature. The allowable intensification 
is then limited by the appearance of new mechanisms of change and signif- 
icantly displaced equilibria. When the exposure has a periodic character, the 
frequency of the exposure cycle can be increased to a limit set by time constants 
— thermal, mechanical, etc. — characteristic of the object under test, and by 
time constants of material changes in the object (diffusion, chemical reactions, 
etc.). 

Deterioration in simple cases is caused by a single process. The experimenter 
is concerned in many cases, however, with a chain of mechanisms. Ageing 
due to some dominant mechanism may bring the object to a state, where a 
different mechanism, owing to the same or a different factor of the constraint 
complex, gains importance for the subsequent change and so on. The ob- 
servations of generator insulation ageing related in 2.1. are an illustration 
of such complex ageing. 



2.3 Basic views on discharge resistance testing of insulating materials 

Power insulation development involves several successive steps, which 
may comprise, for example: the choice of suitable materials and processing 
techniques, application into shape, the development of the insulation system, 
i.e., a realistic configuration of processed insulation and conductor, the design 
of the complete insulated structure. Suitable testing techniques are important 
for successful progress in all of these steps. The scope and consequently 
the philosophy behind the tests for the different steps in the development 
chain ought to be considered separately. This might be expected to lead 
to certain differences in the scope and techniques for tests intended to serve 
different steps in the development chain. They naturally form an evaluation 
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ladder, as the test procedure sequence has been very appropriately called by 
Mathes. For his views on the problem, see, for example, 82 . 

One and the same material may be used for different insulations in various 
types of equipment, where the typical stresses may differ and be of varying 
intensity. While the effects of discharge action on a given material in a certain 
specific application will signify the end of serviceability, these effects in a 
different application can hardly be considered as impairing the service charac- 
teristics of the insulation at all. Assessment tests for materials and simple 
combinations of materials should therefore give general information about 
their tendency to, and manner of, being affected by discharges. The results 
of such tests serve as guides for development work. The behaviour under the 
action of discharges of a structure composed of several materials formed 
into a certain shape by suitable technological processes is governed by the 
responses of the individual materials, which are assumed to be known from 
appropriate materials tests. However, there is always a possibility that signif- 
icant deviations from the predicted behaviour of the structure may occur. 
These are caused by interaction between the materials, effects due to the 
technological procedure, and changes in exposure conditions and material 
reactions due to shape factors. The technical parameters chosen must 
therefore be checked by a different type of test, in which the stress pattern 
is correlated more closely to the service function under consideration. This 
implies the necessity of a more thorough modelling of the stress configuration 
met in service as compared with material assessment tests. On the other hand, 
the criterion applied to the test may be simpler in conception. The quality 
criterion adopted in many elaborate functional tests — as judged by some 
appropriate physical measure — is of the type "live/dead" mentioned in 2.2. 

In power engineering functional tests for verifying the soundness of the 
chosen design must be performed, as a rule, on suitably designed models, 
since tests on full-scale products in many cases are excluded f or economic 
reasons. Since the expected service life of the apparatus usually considerably 
exceeds 10 years, the testing procedure must also comprise some suitable means 
of intensification of the stresses leading to accelerated ageing. Increased 
voltage, frequency and temperature are adopted for discharge resistance 
testing. The combination of the above considerations leads to the concept 
of functional testing of insulating systems as a most important step prior to 
the final choice of the full-scale design. 

Tests for evaluating materials and material combinations will mainly be 
discussed in the following. Work on functional testing of insulating systems 
exposed to discharges is in progress in different laboratories. However, sufficient 
experience of suitable quality criteria and the proper assessment of the integ- 
rated stresses have not yet been obtained to enable definite conclusions to be 
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drawn. Some aspects of system testing, however, will be mentioned in the 
following discussion of discharge resistance testing. 

A considerable number of papers and reports describe methods for the 
discharge resistance testing of insulating materials. They differ in the geometrical 
arrangement of the discharge zone (arrangement of electrodes and dielectric, 
discharges between either metal and dielectric or dielectric and dielectric), 
in the condition of the atmosphere at the discharge site (closed or ventilated, 
air or other ambient), in the application of additional stresses to the dielectric 
(thermal, mechanical) and in the criteria applied to the assessment of the effects 
of the exposure. 

It is a widely held opinion that the voltage-life of a sample exposed to dis- 
charges constitutes the most appropriate criterion f or the discharge resistance 
of materials and that voltage-life tests are preferable for comparative assess- 
ments of insulating materials. This view is authoritatively advocated by Mason, 
see, for example, 78 and is supported by Kreuger 66 , Stannett 84 > 107 > 108 and 
others. It seems to be widely held in the U.S.A., Great Britain and Germany 113 , 
and is reflected in the drafting of the first IEC recommendation for discharge 
resistance testing of insulating materials, which at present is undergoing the 
last steps of the acceptance procedure (IEC TC 15B Endurance testing of 
insulating materials). 

Another philosophy of discharge resistance testing of materials underlines 
the importance of the determination of the integral quantity of material 
affected by the action of discharges. This philosophy is widely, although 
not exclusively, held in France and constitutes the basis for investigations in 
several laboratories in other countries. As discussed in more detail below, 
the author is greatly in favour of this line of thinking. 

The main argument of the voltage-life philosophy has been stated by Mason 78 : 
"The procedure is simple and the reproducibility of the results and the clear 
differentiation between materials ... indicate that they (i.e., specified testing 
techniques) should be used as standard methods". Mason adds, however, 
the reservation: "It must be emphasized that correlation between the results 
of these tests and the behaviour of materials in service has still to be established, 
and the results should not be used for design purposes without consideration 
of differences between test and service conditions". 

Voltage-life tests use a simple functional criterion for the assessment of 
the degree of deterioration of the tested material. The integral effects of the 
exposure are not determined. According to the discussion of the test philosophy 
in 2.2., voltage-life tests are functional tests, which should be performed where 
necessary (e.g., in cable engineering), i.e., if information about the specific 
feature of gradual loss in dielectric strength is sought. In such cases, care 
must be taken to see that there is an adequate correspondence between the 
stresses during service and in the test, with due allowance for acceleration. 
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The gradual breakdown of insulation through local channel formation 
caused by partial discharges is certainly of great importance in all branches 
of high-voltage power engineering. However, as has been demonstrated in 
2.1 other material changes also influence the serviceability of insulation, 
especially where the stresses are of a complex nature as in rotating machinery. 
The author, therefore, suggests that discharge resistance tests for material 
evaluation should be based primarily on methods giving inf ormation about the 
integral material response, e.g., in terms of the quantity of degraded material 
suitably normalised with respect to discharge quantity. Such information 
should be supplemented by data from the same or additional tests of the loss 
of insulating ability of the materials concerned. The present difficulty of 
basing insulation life predictions on the absolute values of test results can be 
partly solved by means of comparative tests with the inclusion of materials 
for which sufficient service experience is available. 

The suggested foundation for the choice of appropriate discharge resistance 
tests for materials avoids the complication of the establishment of a close 
correspondence between test and reality, which is an essential requirement for 
functional tests. This gives the experimenter increased freedom to concentrate 
on test conditions that can be properly controlled. The reproduction of all 
relevant service conditions is postponed to the subsequent stage involving 
the evaluation testing of insulating systems. 

The use of test results based on the above considerations for insulating 
system engineering entails a comparative assessment of the liability of individual 
materials to overall deterioration and local deterioration, respectively, possibly 
supplemented by inf ormation about their tendency to self -extinction of internal 
discharges. The relative importance of the separate partial characteristics 
depends on the technical application in question. The evaluation of the test 
results will generally tend to rule out materials considered to be inferior for 
the actual purpose, rather then to single out some superior material. It may 
rightly be questioned whether the inclusion of materials with poor results 
according to the resistance tests necessarily need impair the life expectancy 
of the complete insulating system. This need not always be the case. Interaction 
between materials and special features of the stresses due to the specific design 
of the insulating system may result in its satisf actory perf ormance as a whole. 
This question can only be resolved by means of functional system evaluation 
testing. However, since system testing is expensive in terms of both time 
and money as compared with materials testing, such a step is only justified 
if the "bad" material in question possesses some very attractive features for 
systems engineering, apart from its discharge resistance. 

The f ollowing discharge situations are relevant to the ageing of insulation 
in apparatus: 

Discharges in open atmosphere from conducting edges may occur on the 
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outer surface of cable insulation at cable terminations, and on the outer 
surface of machine coils where they leave the stator slot. Machine coils may 
also be exposed to discharges in the gap between the insulation and the slot, 
with edge effects by the cooling ducts. In all these cases, discharge suppres- 
sion is usually achieved by means of resistive or capacitive field-grading meas- 
ures. These are reviewed in 61 , and the theory of field grading with the modern 
non-linearly conducting coatings is developed in 62 . 

Discharges in closed gas volumes between a conductor and insulation occur 
in defects, voids and gaps owing to adhesion loss at the inner surface of the 
insulation of, for example, machine coil insulation, transformer insulation 
and cable insulation. In some cases, attempts are made to suppress such 
discharges with methods that make the internal surface of the insulation con- 
ductive in order to reduce the field intensity on the conductor surf ace. Loss of 
adhesion between the strand insulation or strand bundle insulation and the 
main insulation in rotating machines may result in discharges. These may 
destroy the conductor insulation, after which the situation described above 
is established. The dielectric strength of the insulation may be reduced by 
pitting and treeing, which is particularly feared in cable and capacitor in- 
sulation. Loss of compactness in rotating machine insulation may develop 
locally or over extended regions. The mechanical rigidity may be impaired, 
and the heat flow resistance increased. The measuring techniques for deter- 
mining the discharge intensity in apparatus are reviewed in, for example, 
66 > 81 . A method for assessing the compactness of generator coil insulations 
through measurement of the heat-transfer coefficient is proposed in 59 . 

Discharges on the surf ace of a high-voltage conductor may also appear in 
the absence of macroscopic gas inclusions owing to local stress concentrations 
(edges of capacitor foils, mechanical irregularities on cable conductors). 

Discharges between insulation surfaces occur in voids and fissures in the 
interior of the insulation. The effects may be similar to those mentioned above. 

In addition to the effects of discharge action on the state and the properties 
of the insulation, discharge action also tends to alter the conditions for sub- 
sequent discharges. Two main trends are of importance. The first is a self- 
accelerating tendency resulting in a successive increase of the discharge in- 
tensity owing to changes in geometry of the voids in which discharges occur 
and in the field distribution. The other is a tendency for the attack to slow 
down owing to partial or total self -extinction of the discharges as a consequence 
of stress reduction as discussed in 1.1. 

2.4 Review of discharge resistance testing methods 

The discharge resistance testing methods reviewed below are divided into 
three groups : 1 . total attack tests, 2. voltage-life tests and local attack tests, 
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and 3. internal discharge tests including treeing tests. The discussion of the 
tests in each group is preceded by tables summarising the main features of 
each individual testing method. 



2.4.1 Methods for determining the total discharge attack 



TOTAL ATTACK TEST METHODS 
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In the L.C.I.E. method 44 - 45 the exposure cell consists of a plane arrange- 
ment of highly discharge-resistant plates (Mycalex, Pyrex) held at a certain 
distance by an insulating frame. Voltage is applied to electrodes on the outer 
surfaces of the cell. The sample is inserted in the gap, see Fig. 2.4. a. 

Discharges occur between two dielectric surfaces. The weight loss of the 
sample is usually taken as a measure of the deterioration. 

The relation between the dissipated discharge power and the voltage applied 
to the cell has been theoretically shown to exhibit a flat maximum at a voltage, 
which is a function of the thicknesses of the sample and the gap. The sample 
thickness and cell voltage are chosen to yield discharge exposure at this maxi- 
mum region in order to minimise the influence of variations of the sample 
thickness on the exposure conditions. Apart from the initial adjustment of the 
cell voltage, no discharge intensity determinations are usually made. 
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A B 

Fig. 2.4. Cell for total attack tests on insulating materials (L.C.I.E. cell). 

In a variant of the cell, only part of the external surfaces is covered by 
electrodes in order to obtain separate information about direct discharge 
attack and the chemical action of the cell atmosphere, respectively. 

In a recent modification of the cell the discharges occur between a metallic 
surface and the dielectric sample, see Fig. 2.4. 6. 

It is important when L.C.I.E. cells are being used that the sample should 
be plane and remain so during the test, since otherwise discharges may occur 
on both sides in an uncontrolled manner. This has been shown to affect the 
exposure conditions (see 3.5). 

Similar cells with the sample exposed to discharges on both sides have been 
devised by, for example, Caflisch, Winkelkempner. In such arrangements 
there is an interdependence of the discharges on both sides as shown in 19 . 

Several variants of a cell 19 ' 68 ' 72 developed in the course of thesis work 
at the Electrical Engineering Laboratory of the University of Toulouse under 
the guidance of Professor R. Lacoste consist of a demountable Pyrex container 
with pressure seals. The cell contains two plane circular electrodes. The discharge 
zone extends between the high-voltage electrode and the plane sample, which 
is glued on to the low-voltage electrode by means of silicone grease and/or 
adhesive, see Fig. 2.5. Gas, usually nitrogen, is flushed through the cell from a 
cylinder. An arrangement of valves enables gas samples to be injected into 
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a gas chromatograph. The concentration of a chosen gaseous degradation 
product is taken as a measure of the material deterioration. The choice of the 
gas component is made after a preliminary mass-spectroscopic analysis of the 
composition of the degradation products. In the case of polyethylene and 
similar unsubstituted aliphatic polymers, the hydrogen concentration is 
measured. The intensity of the discharge exposure is determined by pulse 
amplitude distribution measurements. The maximum of the distribution 
(i.e., the most frequently occurring discharge magnitude) is usually considered 
to be a measure of the entire distribution. The gap and sample thicknesses 
in this cell are also usually chosen to correspond to an experimentally deter- 
mined maximum of the power/gap-width function. The integral degradation 
of the sample is obtained through integration of the envelope of the individual 
hydrogen (or other) evolution values as a function of time. The total discharge 
energy (i.e., the power-time integral) may serve as an alternative argument 
for the empirical degradation function. 

At the C.E.R.L., Meats and Stannett 84 have developed a cell similar in 
function to the Toulouse cell, but with a different geometry, where in particular 
the gas volume is greatly reduced (25 ml). The high-voltage electrode with a 
spherical surface faces the plane sample. Gas (usually nitrogen) is supplied 
through small holes in the high-voltage electrode. The concentration of a 
suitable gaseous deterioration product is determined by gas chromatography. 

Lang 69 has described a testing method with a spherical high-voltage electrode 
surface in open air facing the plane sample. The erosion depth under the elec- 
trode is correlated to the measured total charge associated with the discharges. 
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This relation is stated to be characteristic of the material under test and to be 
essentially insensitive to variations of the test parameters. However, not 
many details have been published about the method. Provided that geometrical 
similarity is preserved during the whole course of the attack, the eroded 
volume is proportional to a power of the erosion depth, and the method 
can be said to produce some measure of the quantity of deteriorated material 
as a function of the dissipated energy. The shape of the eroded portion might 
be sub ject, however, to change if the surface of the sample becomes conducting 
owing to moisture or other deposits. 

The author and his collaborators have developed a testing method similar 
to the recent variant of the L.C.I.E. method. Details are given in Chapter 3. 
The discharge energy is determined from mean-discharge-current measure- 
ments, and the quantity of the deteriorated material is found by weighing 
as a routine procedure supplemented by carbon evolution determination for 
checking purposes. 

The following general remarks can be made about tests based on the assess- 
ment of the quantity of degraded material: 

1. The methods of determining the quantity of degraded material may be 
either direct or indirect. The direct methods may involve the determination 
of the concentration of some degradation product (gas chromatography, 
mass spectroscopy, chemical analysis, etc.) and yield instantaneous values, 
which must be integrated in order to yield the total degradation. They 
may also be directly integrating (accumulation of degradation products, 
e.g., in a suitable absorber, geometrical determination of the eroded volume, 
etc.). The main indirect method is the determination of the weight loss of 
the sample. Care must be taken to avoid systematic errors owing to, for 
example, oxidation or hygroscopicity of the sample. 

Infra-red spectrophotometry is suitable f or detecting chemical changes in a 
surface layer, but is not usually sensitive enough to make the method attractive 
for routine degradation measurements. This technique, which is direct and 
integrating if applied to the analysis of the exposed sample, is mainly of 
interest in special research. Electron spin resonance spectroscopy, which is 
a very sensitive method for the detection and identification of free radicals 
and the determination of their concentration, is to a still higher degree an 
exclusive research tool (necessity of complete absence of oxygen, special 
temperature requirements, etc.). 

2. A large discharge zone is required, if gravimetric degradation measurements 
are performed, in order to obtain sufficient sensitivity. This is not required 
with gas chromatographic or mass spectroscopic techniques. Moreover, 
with these techniques, it is advantageous if the gas volume of the cell is 
as low as possible. The gas flow may be either straight or recirculating. 
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3. The discharge zone should be designed to produce as uniform an attack 
as possible. The size of the discharge zone should not change during exposure 
owing to sample erosion, surface deposits, etc. 

4. The group of testing methods reviewed here satisfy the rules stated in 2.2 
for the assessment of ageing properties of individual materials and simple 
combinations of materials. 

2.4.2 Methods for determining the voltage-life 

VOLTAGE-LIFE AND LOCAL ATTACK TESTS 
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In voltage-life tests with surface discharges, the deterioration criterion is 
the time to failure of the sample as a result of electrical breakdown. Differ- 
ences between the various methods concern the arrangement of the electrodes 
and the sample. 

The basic configuration consists of a cylindrical high-voltage electrode 
resting on a flat sample in contact with a plane low-voltage electrode. Results 
of tests with such a cell are given in great detail by Mason 78 , who also describes 
a number of modifications, both of his own and of others. The f ormation of an 
electrolytically conducting surface layer round the H.V. electrode disturbs 
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the test 78 - 88 . Mason states that blowing of air into the discharge region is 
a sufficient counter-measure. Mechanically weak materials can be deformed 
by the weight of the electrode; a minute gap is recommended in such cases. 
Several workers make a point of rounding off the electrode edge. Several 
electrodes are combined in a common mounting and connected in parallel. 
This enables the dielectric sample to be utilised in a most effective manner. 
The test may be accelerated by raising of the frequency of the high voltage. 
A frequency of 1000 Hz is stated to be an acceptable limit where disturbing 
effects due to dielectric heating are still insignificant. The frequency is assumed 
to influence the voltage-life linearly, and the life is often given in terms of the 
number of voltage cycles. 

Cylindrical electrodes with greater radius (25 and 55 mm) have been used 
by some authors, e.g., Perkins et al. 14 . 

Cylindrical low-voltage electrodes have been suggested by Mason for the 
exposure of mechanically stressed samples 78 . The high-voltage electrodes are 
orientated perpendicular to the samples. 

A high- voltage electrode with a spherical surface, mounted some distance 
away from the sample and with gas blown into the discharge zone through 
holes in the electrode, used by Meats and Stannett for total attack deter- 
minations 84 , has also been applied for voltage-life tests 107 . 

Damstra 26 recommends a needle-shaped high-voltage electrode some 
distance away from the sample surface. It is stated that the results are not 
markedly influenced by the radius of the needle tip. The test is accelerated 
through increasing the frequency of the voltage. 

Starr and Endicott 109 have presented theoretical foundations for life tests 
with a linearly increasing voltage amplitude. They suggest criteria f or revealing 
changes of the breakdown mechanism caused by the test. 

Hewitt and Dakin 46 have investigated the influence of a number of para- 
meters (temperature, sample thickness, humidity, electrode and sample 
geometry, etc.) on the test results. 

The applied high voltage in the type of test discussed here serves a double 
purpose. It produces the surface discharges — tangential, perpendicular or 
oblique — which strike the sample surface, and it causes an electrical stress 
in the sample which eventually provokes breakdown. It is generally assumed 
that the voltage-life of a material must be determined at several voltage levels, 
usually three or four. This implies that the breakdown, which indicates the 
termination of a test, occurs at different stress levels. This well-known complica- 
tion is usually disregarded. Some attempts have been made, however, to avoid it. 
One example is the exposure of test samples during certain time intervals, 
after which the dielectric breakdown strength of the exposed spots is deter- 
mined separately 13 ' 110 . 

When discharges occur from the edge of a cylindrical electrode, changes in 
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the state of the surface of the sample will often tend to influence gradually 
the size of the discharge zone 52 , and, consequently, the discharge intensity 
in a given place (see Fig, 3.21). The exposure may then tend to change with 
time both in intensity and location. This must be regarded as a shortcoming 
in the method. An alternative solution is to arrange a plane discharge zone in 
a gap under a high-voltage electrode, see, for instance, Artbauer 4 - 5 . 

Voltage-life tests are reported by many authors to yield a relation between 
the voltage and the sample life measured in cycles, which is assumed to follow 
an exponential law, and a power-law dependence of the voltage-life on the 
stress. The decrease of the time to breakdown with increasing voltage is 
considerable. Owing to the large dispersion in the results, the information 
obtained from voltage-life tests is generally considered to be rather qualitative 
and mainly useful for comparative purposes. 

In the light of the rules for ageing tests stated in 2.2, the voltage-life tech- 
niques are suitably characterised as being f unctional tests, as has been discussed 
in 2.2. The exposure conditions generally differ markedly from those encoun- 
tered in service. The changes of the exposure during the test, which are often 
associated with these methods, do not either represent typical service condi- 
tions. The author agrees, however, with Mason 78 that the increased severity 
of the test as compared with reality may be an advantage for quick relative 
classification of insulating materials. 



2.4.3 Methods for determining the internal discharge resistance 
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Several investigators have reported work on tests of the resistance of materials 
exposed to internal discharges. The interest shown in such tests, which are 
intended to simulate a situation commonly encountered in practice, is ob- 
viously the desire to derive quantitative inf ormation f or direct application to 
equipment design work. The phenomenon of self -extinction of internal dis- 
charges, which is present to a varying degree in different materials, and the 
difficulty of gaining access to the exposed surfaces add, however, to the 
complications of such a test. This is probably the main reason why internal 
discharge testing techniques are still in a more preliminary stage than surf ace 
discharge testing. Some published results will be briefly reviewed here. 

Artificial cavities for work with internal discharges are generally either 
spherical or cylindrical in shape with the axis in the direction of the field. 
Reynolds (private communication) has noticed the influence of the void shape 
on the discharge intensity. Spherical voids are produced in resin castings. 
Cylindrical cavities are produced either by milling or by punching; in the latter 
case a number of thin sheets are usually stacked together. Sealing of cavities 
in stacks of sheets is obtained through the application of pressure to the stack 
or through sealing of its rim with an adhesive. The low-voltage electrode us- 
ually consists of a plane metal plate or of a painted metal layer on the stack. 
The high-voltage electrode must be designed to avoid external discharges on 
the edge. It usually has a plane central region bounded by a rounded or sloping 
periphery and is potted in resin or surrounded by oil 67 - 102 . 

Basic phenomena in cylindrical voids have been studied by Mason 75 , 
Rogers 102 and others. Their findings explain the results summarised by Kreuger 67 
concerning the influence of different parameters on insulation deterioration 
under the action of internal discharges. Kreuger's work is aimed at an assess- 
ment of voltage-life. He finds that the voltage-life is influenced by parameter 
changes, which affect the discharge power (e.g., the depth of the void). An 
increase of the diameter of a cylindrical void reduces the life. This may be 
understood against the background of the self -extinction mechanism discussed 
by Rogers 102 . The initial tendency for discharges in a wide cavity to con- 
centrate on the periphery is explained by the field intensification on the periph- 
ery of a void in a dielectric medium as discussed by Heller 42 . 

Stannett and Meats 107 have observed a correlation between the voltage 
life of polyethylene exposed in the cell described in previous sections and the 
product of the field intensity, the maximum discharge amplitude and the pulse 
rate. Leu 73 has studied the formation in epoxies of channels from void sur- 
faces. 

Work with arrangements similar to the L.C.I.E. cell with static atmosphere 
is concerned with this topic 3 ' 4 ' 44 . 

Olyphant 91 quotes results which demonstrate that tests with surface and 
internal discharges, respectively, may lead to different classifications of materials, 
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and that raising the frequency of the high voltage scarcely, if at all, accelerates 
internal discharge tests. Both these findings are not surprising in view of the 
self -extinction effect. 

The specific insulation deterioration pattern termed treeing has been 
demonstrated, as mentioned previously, to be caused by internal discharges. 
Treeing tests with a pointed high-voltage electrode surrounded by the material 
to be tested are described, for example, by Kitchin, Pratt 65 , Olyphant 89 * 90 
and in 110 . The time to breakdown under the action of a voltage of power 
frequency is observed. Visual observation of the degradation in transparent 
materials has revealed that this time may considerably exceed the time to 
complete penetration through the sample 89 . Leu 73 reports an induction period 
before appearance of the first trace of a "tree". Tests with impulse voltages 
are described by Milton 85 . 
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3. Discharge resistance testing II. Experiments 



3.1 Introduction 

Experimental work by the author directed towards the development of 
suitable discharge resistance testing techniques for insulating materials and 
material combinations has been carried out along to the following lines: 

1. Development of a testing technique aimed at an evaluation of the integral 
action of external discharges on materials, as the main source of information. 

2. Assessment of the tendency to local penetration of insulation samples, 
subjected either to total attack tests or to separate exposure, as a source 
of supplementary information. 

3. Supplementing of the external discharge techniques with methods permitting 
the assessment of the behaviour of materials subjected to internal discharges. 

4. Work on voltage-life techniques as a contribution to IEC committee 
activities. 

Some work, which has entailed considerable effort, is only briefly mentioned, 
whereas certain other questions are discussed in great detail in the light of the 
experience that has been obtained during the work of the types of experimental 
problem causing the greatest delays and errors. It should also be stressed 
that the accepted solutions are not always the absolutely best ones in the 
opinion of the author, but rather the best obtainable ones within the frame- 
work of an industrial research programme aimed at producing practical results 
as quickly as possible. 

The experimental work described below covers the following subjects: 

1. A standard test technique with external discharges in flowing air, which 
removes the products of oxidative degradation. Criterion: the loss of 
weight. 

2. A modification of the standard test technique with the aim of detecting 
a possible deviation in standard test results owing to high oxidation sensi- 
tivity of the material under test. 

3. A modification of the standard test technique entailing the direct deter- 
mination of the carbon evolution from the sample. This modification serves 
as a check on the standard weighing method. 
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Fig. 3.1. High- voltage electrode assemblies and low-voltage electrode for standard test cell. 

4. Attempts to gain information about the tendency of materials exposed 
in standard cells to develop local damage. 

5. Development of a treeing test technique. 

6. Experiments with voltage-life tests. 

3.2 Test cells 

3.2.1 Standard cell for total attack tests 

The standard cell comprises a plane low- voltage electrode and a high-voltage 
electrode assembly. 

The electrode assembly consists of a plane rectangular stainless steel electrode 
with well rounded edges, having the dimensions 70 x 50 x 8 mm, mounted 
in an electrode support, see Fig. 3.1. The support is made of a ceramic semi- 
finished product called "Stumatit", which is easily worked by milling, drilling, 
etc., and which undergoes only slight deformation during the f olio wing oven 
firing at 1380°C. The basal plane of the support defines the lower boundary 
of the discharge gap. The gap is permanently set through adjusting the position 
of the electrode in relation to the support. The gap setting can be adjusted 
to within 0.01 mm with the aid of a gauge as shown in Fig. 3.2, which consists 
of a dial indicator protruding through a hole in a steel plate ground to a high 
degree of flatness on its upper side. 

The space between the electrode and the support, both over the electrode 
and on the sides, is filled with plaster of paris in earlier types and with silicone 
rubber in recent types. This forces the injected air to flow into the gap and at the 
same time tends to suppress unwanted discharges elsewhere. This filling 
needs replacement from time to time, partly because of contamination and 
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Fig. 3.2. Gauge for measuring the gap width of standard test cells. 

deterioration of its external surface and partly in conjunction with the dis- 
mounting of the electrode assembly f or mechanical treatment of the electrode 
surf ace. Silicone rubber was introduced because of its greater ease of handling 
and removal. 

High-voltage electrodes are regularly inspected and cleaned with ethyl 
alcohol to remove organic deposits, which tend to appear during exposure. 
When the surface becomes permanently stained, it is repolished with fine- 
grade emery cloth. After long service an increasing number of small pits 
appear on the electrode, which necessitates grinding in the workshop. 

The low-voltage electrode is also made of stainless steel. It is square in shape 
with the dimensions 160 x 160 x 10 mm, see Fig. 3.1. The upper face is ground 
flat and provided with a circular groove, with a diameter of 100 mm, connected 
to a tube through which suction is applied in order to hold the sample in 
close contact with the electrode surface. 

Fig. 3.3 shows how the air flow through the cell is arranged. Air is injected 
into a chamber of Stumatit having the same cross-section as the electrode 
support. On the side facing the electrode the chamber edge restricts the air 
flow to a passage of 1 mm in height before it reaches the electrode. The air 
emerges from the cell into the open at the opposite side of the electrode. 

3.2.2 Modification of standard cell for work with other gases 

The standard test cell is provided with air injection chambers on both 
sides. The joints and the lower rim of the cell parts are sealed with silicone 
rubber to permit exposure in a flowing or stationary gas. 
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Fig. 3.3. High- voltage electrode assembly and air injection chamber. 
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Fig. 3.5. Test cell with rod electrodes for voltage-life tests. 



3.2.3 Cell for carbon determination 

A cell with plane square electrodes, 40 x 40 mm, consists of two Plexiglas 
halves, which are bolted together, see Fig. 3.4. Sealing is obtained by an 0-ring. 
The sample is held tightly to the low-voltage electrode by a suction groove 
and, if necessary, silicone grease. 

3.2.4 Treeing electrodes 

A point-to-plane electrode arrangement has been adopted. The high voltage 
is supplied to the point electrode. Screening measurements showed that the 
tip radius of a certain make of sewing needle of nickel-plated brass was fairly 
uniform (10 /mi). The needles are used without any preliminary treatment 
apart from cleaning. The low-voltage electrode consists of brass strip (8x1 mm) 
bent in the shape of a U. The assembly of the electrodes and the sample material 
into cylindrical test samples is described in 3.5. Voltage exposure of treeing 
samples is performed in transformer oil or silicone oil. 

3.2.5 Cell for voltage-life tests for I EC Committee work 

Seven polished stainless steel rods with a diameter of 6 mm and a length 
of 100 mm are arranged in a common Plexiglas support as shown in Fig. 
3.6, with six electrodes placed along the periphery of a circle with a radius 
of 30 mm and the seventh at its centre. The electrode edges are slightly rounded. 
The high- voltage electrodes are free to move in the axial direction. The com- 
mon plane low-voltage electrode is of the same design as that of the standard 
cell. The lower part of the support forms an air chamber with an inlet on 
one side. 

3.3 Supplies 
3.3.1 High voltage 

High voltage is supplied from resin-potted transformers rated at 13 or 
20 kV (R.M.S.), 125 VA, which are energised via individual Variacs. Each 
transf ormer feeds a rack with ten test sites. A capacitor of about 20,000 pF 
is connected permanently across the terminals of each transformer in order 
to reduce the effects of source impedance and inter-cell coupling on the dis- 
charge pattern (see 1 .4). 

The low-voltage electrodes are arranged on a rack and are separated from a 
common earthed aluminium plate by a Plexiglas plate. The individual low- 
voltage electrodes are connected to earth via resistors of about 3 kQ with ter- 
minals on the front panel for connection of the current-measuring device. 
The resistors are externally short-circuited except when current measurements 
are being made, since they otherwise tend to deteriorate. In spite of this 
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Fig. 3.6. Standard test cell with associated electrical circuits and air supply. 



precaution they should be checked from time to time, because cases of deteriora- 
tion have been observed, possibly due to ozone corrosion. 

Each high-voltage electrode is connected to the common supply via a 
melting fuse, Fig. 3.6, which consists of a very thin spring-loaded metal wire 
(copper, 0.03 mm gauge, or Kanthal 0.025 mm gauge). The spring load is 
mechanically transferred to a microswitch, which on release interrupts the 
voltage supply to an electrical time counter. The time to breakdown will 
theref ore be recorded. 

Each supply rack is provided with suspended Plexiglas windows for safety 
and each window actuates a microswitch, which interrupts the power supply 
when the window is not in position. 
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Fig. 3.7. Racks with standard test cells. 



A panel on the side of the test rack is provided with the Variac dial, a switch 
for the line voltage and terminals for primary voltage measurement. The 
voltage signal lamp is provided with a switch to enable it to be switched off 
during observation of discharges. A large pushbutton switch enables all 
power to be switched off in an emergency. 

The test racks, see Fig. 3.7, are designed in the first place for total attack 
tests, but are also used for the other tests and experiments being performed 
in the programme. 

3.3.2 Atmosphere 

The standard test cells require an ample supply of air, because the flow rate 
adopted is 2 1/min. The air should be of constant quality, dust-free and pre- 
ferably with a low water content. Early attempts with drying in silica-gel beds 
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were found to be excessively troublesome, because of the frequent need of 
regeneration of the drying agent. A satisfactory solution was the installation 
of a self-regenerating Munters air dryer, model M 100, which supplies 150m 3 /h 
of air dried to 10 per cent RH or better against a pressure head of 15 mm H 2 0. 

For runs in standard cells with other gases, e.g., nitrogen, gas is supplied 
from a storage cylinder. 

The air leaving working discharge cells carries a considerable concentration 
of ozone. Forced evacuation of the laboratory is therefore required to avoid 
inconvenience to the personnel. The equipment may also suffer from prolonged 
ozone exposure. 

3.3.3 Tests at elevated temperature 

For exposure at elevated temperature, standard test cells are installed in a 
heating cupboard, which can be set to temperatures up to about 200 °C. Im- 
proved temperature equalisation is obtained through forced ventilation. The air 
supply to the cells is led through a f ew turns of copper tubing inside the cup- 
board (total length about 5 m) in order to adjust the temperature of the in- 
jected air to within 3 deg of the temperature of the heating cupboard. 



3.4 Measuring methods 
3.4.1 Discharge current 

The mean value of the current represented by the integral charge transfer 
caused by discharge pulses in unit time is measured with a galvanometer. 
This is connected in series with a cell during the time interval when discharges 
of one polarity take place and disconnected during the discharge sequence of 
opposite polarity. Reversing the switching phase enables the discharge current 
components of both polarities to be determined separately. The polarity 
of discharges coincides with the sign of the time derivative of the voltage. If 
the switching instants are adjusted symmetrically in relation to the zero passages 
of the voltage cycle, the mean value of the power-frequency current in the 
time interval during which the galvanometer is connected to the cell disappears. 

The switching device must be very robust and have as low a series resistance 
as possible. An electromechanical chopper with gold-plated or mercury- 
wetted contacts has therefore been chosen. The connection of the chopper 
and galvanometer is shown in Fig. 3.8. A phase-shift network permits adjust- 
ment of the connection interval of the galvanometer in order to minimise 
the power-frequency current component. Fig. 3.9 shows a typical current- 
voltage characteristic of a test cell. A slight power-frequency current component, 
however, remains after the phase-balancing. Discharge-mean-current readings 
are corrected through subtraction of the power-frequency current determined 
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by linear extrapolation, because the power-frequency signals only appear 
in linear impedances. 

The discharge-mean-current measuring device has been calibrated with 
direct current, audio-frequency square waves up to 20 kHz, and sequences 
of rectangular pulses of variable duration and constant repetition rate, respec- 
tively. The results were identical. Variation of the pulse shape at constant 
pulse charge did not affect the galvanometer deflection. The positive and 
negative discharge-mean-current components have been repeatedly demon- 
strated to be identical, despite the difference in pulse shape and pulse rate 
when discharges occur in gaps bounded by metal and dielectric surfaces, 
respectively. Gradual change in the operational characteristics of the chopper 
were f ound to have a slight influence on the calibration constant of the device. 
Occasional recalibration of the measuring device is therefore recommended. 

The equipment used in the current measuring device consists of a chopper 
(Stevens Arnold 6.3 V, D.C.-A.C, Clare HGP 2009) and a Norma light-spot 
galvanometer model 251 U with an internal resistance of 10 Q and current 
ranges of from 5x10" 8 A/scale division upwards in powers of 10. A 10 Q 
resistor is connected to the contact pair working in opposite phase to the 
galvanometer in order to assure constant conditions in the cell circuit except 
during the switching time intervals. These time intervals at the tops of the 
voltage wave, however, are always free from discharges. 

3.4.2 Discharge pulse rate 

An oscilloscope and a pulse-rate meter are used for determining the discharge- 
inception and discharge-extinction voltages and for pulse-rate measurements. 
The signal is taken from the terminals of the 3 kfi resistor in series with the 
test cell. An amplifier and discriminator stage is inserted before the pulse-rate 
counter. In this way, also small pulses are counted, and overloading of the coun- 
ter resulting in blocking is prevented. The instruments used are a Tektronix 
Type 531 A oscilloscope with a plug-in CA preamplifier, and a General Radio 
frequency-meter type 1142 A. For high resolution work, the frequency-meter 
should be set to a high frequency range despite the resulting low readings. 

3.4.3 Weight determinations 

Sample weights are determined with an analytical balance of the constant 
load type. When samples are handled, clean nylon gloves reserved for the 
purpose are worn. Prior to weighing, samples are dried in a heated cupboard 
at as high a temperature as possible, preferably 120°C, for 0.5 or 1 hour. 
Materials which deform at this temperature are dried at 80 °C. From the cup- 
board the sample is transferred direct to a desiccator containing silica gel 
and is allowed to cool. A period of 0.5 hours in the desiccator before weighing 
has been standardised. 
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3.4.4 Determination of carbon evolution 

A direct-flow method is used. Air from a gas cylinder is passed through 
a quartz tube containing palladium-asbestos catalyst heated to 800 °C in an 
oven to convert all carbonaceous matter into C0 2 . This is absorbed in Ascarite, 
a reagent containing NaOH. After this, the carbon-free air is passed through 
the discharge cell. From the cell the air is led through another heated tube 
with catalyst and from there through a parallel combination of two 2 1 gas 
pipettes, which can be connected up alternately. The air leaving the pipette 
passes a gas volume counter and is then released. The C0 2 concentration 
in a pipette is periodically analysed by a coulometric method according to 
Oelsen and Abresch 1 in a Strohlein apparatus. The total C0 2 production is 
estimated through integration based on linear interpolation of the measured 
values, and is transformed into terms of sample material. 

The relation between the weight loss and the C0 2 evolution from a material 
is calculated from the chemical formula. Thus, 1 g of polyethylene terephthalate 
contains 0.625 g of C, which yields 2.3 g of C0 2 . For epoxy resins the ratio 
of weight loss to C0 2 evolution varies, depending on the resin-hardener 
formula. A typical value is 2.6 g of C0 2 per gramme cured resin. The sensitivity 
of the C0 2 determination is about 5 /.ig. When a 2 1 gas pipette and an air 
flow of 0.35 1/min are used, the erosion of PET at a rate of 1 mg/h corresponds 
to 0.22 mg of C0 2 in the pipette. With 1 1/min this figure is reduced to 0.063 
mg of C0 2 . 

3.4.5 Dielectric strength 

A linearly rising alternating voltage source (1 kV/s) is used for determination 
of the remaining dielectric strength of treeing samples. It consists of a motor- 
driven Variac and a high- voltage transformer. The melting of a fuse (see 
3.2.1) interrupts the high-voltage supply to the sample. The primary voltage 
supply to the high- voltage transformer and the supply to the Variac motor 
are simultaneously interrupted by a relay. The voltmeter connected across the 
Variac output continues to indicate the voltage. 

3.4.6 Sample capacitance measurement 

The capacitance of the sample under an electrode having an area equal 
to that of the high-voltage electrode is measured for determination of the dis- 
charge-mean-current correction (see 3.6). A small universal bridge, e.g., Marconi 
type TF 2700 with a measuring frequency of 1000 Hz, is used for this purpose. 
The measurement is performed between an ordinary low- voltage test cell 
electrode and a 6 jim thick Mylar film with a painted silver electrode of the 
same size as the high-voltage electrode on its upper side. Initially, the film 
is placed on the steel plate and the capacitance C s of the f oil is measured. The 
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sample is then inserted and the combined capacitance C c is determined. The 
sample capacitance C d is given by 

1 £ 

C. 



In this way, possible changes in the state of the foil are eliminated. C s is 
approximately 3000 pF and C d usually lies in the range between 100 and 300 pF. 
The advantage of this method lies in the ease with which a close contact is 
obtained between the measuring electrode and the sample surface without 
the latter being contaminated. The lower surface of the foil is frequently 
cleaned with ethyl alcohol. 



3.5 Sample preparation 

Material in the f orm of sheet or film is cut into square or rectangular samples 
with the smallest side exceeding 110 mm. The observation that discharges 
sometime occur between the sample and the low-voltage electrode leading to 
premature breakdown has led to the adoption, as a standard measure, of 
metallisation of the lower side of the sample. This is done through the spraying 
on of a colloidal silver suspension. The silvered samples are dried in order to 
remove any remaining solvent (this may be combined with the first drying 
of the sample bef ore weighing). During prolonged exposures the metallisation 
is inspected together with intermediate weighing. A yellow or brown discolora- 
tion indicates oxidation. The silver layer should than be removed by washing 
with ethyl alcohol and the metallisation renewed. 

Sof t materials, f or example, plastics at temperatures above the glass-transi- 
tion point, may be lifted from the low-voltage electrode through the action 
of electrostatic forces between the high- voltage electrode and the charged 
sample surface. In such cases, the exposure conditions (gap width, geometry) 
are radically changed, and the calculated energy dissipation will be erroneous. 
This phenomenon can be detected visually and appears as a marked change 
in the discharge-mean-current and in the discharge pattern on the oscilloscope 
screen. A remedy, which should always be used in work at elevated tem- 
peratures, is to reinf orce the sample by glueing it on to a metal plate. The use 
of hard aluminium plates for reinforcing prefabricated sheets and foils was 
discarded; the difficulties in removing the adhesive solvent were excessive. 
The use of rigid grid plates was found to be a satisfactory solution. The plates 
must be protected against corrosion, since this will otherwise affect the weight 
of the reinforced sample. The adhesive must be stable during exposure. 

Samples for treeing tests are prepared in a form shown in Fig. 3.10 by 
means of a casting technique. A silicone resin mould with cylindrical depres- 
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Fig. 3.10. Epoxide resin sample for treeing experiments. 



sions is initially made by casting of a plate in which glass beakers are inserted. 
A U-shaped electrode is placed on its edge in each depression and a needle 
is inserted through the wall. The proper electrode spacing is manually adjusted 
through the insertion of a gauge strip. Resin is then charged into the mould 
and cured. For treeing tests on sheet material, a piece of sheet is inserted 
between the electrodes, and a cylindrical test sample is prepared as described 
above. 

3.6 Development of a standard method 

It may be assumed as a starting hypothesis that the quantity of degraded 
matter is proportional as a first-order approximation to the energy dissipated 
from the discharges. This hypothesis is supported by results of Meats and 
Stannett 84 and Hougen (quoted in 100 ). 

The expression for the discharge energy in terms of measurable magnitudes 
given in 1.4 can be transformed to the following expression for the dissipated 
discharge power: 
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or 




:) 



where U, 



di is the discharge-ignition voltage, I m the mean discharge current, 



C g and C d the gap and sample capacitances, d g and d d the gap and sample 
thicknesses, and k the relative permittivity of the sample, see 27 ' 56 for the 
derivation. The measured discharge-inception voltage £/ ; may be used as an 
approximation instead of U di , which might be assumed to be approximately 
constant for work with flowing air under standardized conditions. Since ide- 
ally U di = Ui(\ + C g /C d )~~ 1 applies, the discharge power is given by 



According to the above expressions, the discharge power is determined 
by the mean discharge current I m and influenced by the thickness of the 
dielectric, which governs C d , and of the gap spacing, which governs C a and U di , 
respectively. In addition, the permittivity of the sample affects C d . The nature 
of the gas as well as its pressure and temperature influence U di . The effect 
of the electrode area enters into the measured value of I m . 

The direct determination of the mean discharge current has the advantage 
that the averaging of the individual discharge pulses is carried out during 
the measurement, which therefore automatically takes care of possible changes 
in the pulse amplitude distribution. 

The externally measured pulse charges, the time average of which is measured 
through In, are caused by polarisation changes in the dielectric affected by par- 
tial discharges. This mean current is denoted I md . As stated in 3.4.1, a correc- 
tion I mc must generally be applied to I m to account for a remaining line 
frequency component. Thus, I m &=I m — I mc is the current value to be inserted 
in the power expression. 

The dependence of I md on the voltage applied to the cell is normally linear 
in the working range of voltages. Fig. 3.9 is a typical example. An upward 
bend of the I md —U line is sometimes observed at high voltages. In such cases, 
either a lifting of the sample, which alters the cell parameters, or the occurrence 
of edge discharges is observed. 

The variation of I md with the gap setting is shown in Fig. 3.11 with the cell 
voltage as parameter. 

The pulse rate JV f ollows the current. 

An investigation of the influence of the gas flow on the discharge conditions 
has revealed that I md and JV vary markedly with the flow rate at low gas veloci- 
ties, but that stable conditions are established at higher velocities, see Fig. 
3.12. For routine work it is an advantage to use gas flow rates on the level 
part of the curve. Closer inspection of Fig. 3.12 shows that, while I md is stationary 
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Fig. 3.12. The mean discharge current I md and the pulse rate /V" in a standard test cell as 
functions of the gas flow rate through the cell. 
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Fig. 3.13. The mean discharge current 1^ and the pulse rate TV in a standard test cell with 
polyethylene (PE) and polycarbonate (PC) as dielectric versus the relative humidity of the 

air blown through the cell. 



for flow rates above about 0.5 1/min, N continues to change slightly. This is 
probably the result of the gas flow on the surface properties, e.g., the surface 
resistivity, of the sample to which N reacts in a sensitive way. 

The discharge characteristics are also affected by the humidity of the gas 
flowing through the gap. Fig. 3.13 shows the influence of the air humidity 
on I md and iNTin cells with different dielectrics. This demonstrates the importance 
of humidity normalisation, preferably at low levels, f or a standard procedure. 

During the development of the high-voltage fuse, the first variant of 
which was based on a published design 74 and comprised a series resistor of 
some megohms, it was discovered that the discharge conditions are affected 
by the impedance of the circuit outside the cell. A systematic study of cells 
arranged in series with resistors of different i^-values revealed a dependence 
of I md and iV on R s f or a constant applied voltage as shown in Fig. 3.14. This 
phenomenon is considered in terms of circuit parameters as mentioned in 
1.4. It implies a marked decrease of the mean pulse magnitude up to the pulse 
rate maximum. This may be described in qualitative terms as a consequence 
of the voltage drop across the series resistor caused by an individual pulse 
with an effect equivalent to an increase in the discharge remanent voltage 
as indicated by Bui-Ai 19 . The discharge sequence above the pulse rate maxi- 
mum is governed by the time constant determined by the series resistance 
and the cell capacitance. Both the shape and the recurrence of the discharges 
are regular in this region, which demonstrates a collective working regime 
in contrast to the individual pulse regime for low series resistance values 
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Fig. 3.14. The mean discharge current 1^, the pulse rate TV and the weight loss per unit 
time Atnjt, as functions of the resistance R s in series with the cell. 



with slight coupling only between the discharge sites. An interesting feature 
of the phenomenon is the possibility in the constant current region of adjusting 
the mean pulse size at essentially constant discharge power through the in- 
sertion of resistors in series with the cell. 

The shape of the N— R s curve should be affected by factors influencing 
the coupling between discharge sites, e.g., through the surface resistivity 
of the sample. Dick in this laboratory has carried out a series of experiments 
with the object of using the shape of the N—R s curve for obtaining information 
about the state of materials exposed in test cells. 

The relation between the weight loss Am of samples exposed in test cells 
and the dissipated energy may be considered as somewhat analogous to the 
g-f actor used in studies of the influence of radiation effects on matter, 
i.e., the number of ruptured bonds per 100 eV of energy loss of the incident 
particle. However, the discharge resistance of materials should be characterised 
by an index, which has a higher value for better material. This is the case, 
for example, when the voltage-life is adopted as a criterion. Consequently, 
a total attack index G may be denned as follows: 

c ?> U M 1 + c)' 

Am 2 Am 

The time t and the weight loss Am are measured quantities. The discharge 
power P is derived from measured values of I md (usually I mdp , i.e., the positive 
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discharge mean current after correction for the power-frequency component), 
and C g /C d or d d jkd g . The discharge-ignition voltage U di is either derived 
from the discharge-inception voltage of the cell, in which case the term 
(l + C g /C d ) disappears in the power equation, or is related to the Paschen 
value. In the latter case, the results of the investigation in 56 are taken into 
account through the assumption of £/ di «0.8 U p , which in a general way 
reflects the limited validity of the adopted analogue model and the possible 
occurrence of a discharge remanent voltage. In comparative work with a 
constant air-gap width, the value of U di is constant and therefore without 
great importance. 
Thus, 



G = 

or alternatively 



o.w p i mdp (l t O.W p I mdp (l +^ 



Am Am 
U ; L„, n t 



G = 



i 1 mdp 

Am 



With the usual dimensions, 



, U p [kV(peak)]/„ Jp [mA]l[h] C t ) 



<Wkg>2.9x>0* Am[mg] [ l+ C d , 

or alternatively 

l/,[kV(R.M.S.)]4 Jp [mA]<[h] 
G[J/kg] = 4.lx10 ^ 

In the present work the G-values are based on U p rather than on Working 
with a gap- width of 1 mm gives U p = 4.5 kV (peak). Thus, 

Gl _ [J/kd -U xl0 .o^_lM( 1+ _. 

A series of tests have been undertaken to investigate the influence of different 
factors on G. 

The effect of the sample capacitance C d has been studied by means of the 
following technique. Identical thin polymer foils were exposed in cells with 
Plexiglas plates of different thicknesses inserted between the sample and the 
low- voltage electrode. In this way C d was varied from 100 to 710 pF for 
polycarbonate. Fig. 3.15 shows that G is not affected by changes in C d . The 
testing procedure need not therefore comprise normalisation of the sample 
thickness or capacitance. 
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Fig. 3.15. Dependence of the discharge resistance index G on the capacitance C d of the di- 
electric sample in the cell. Constant gap and cell voltage. 



Changes in the cell voltage affect the current I md . Fig. 3.16 shows that G 
remains essentially unaffected by changes in the cell voltage. Changes which 
are observed in some cases should be considered in the light of the apparent 
change in the discharge regime as a function of the current, which is discussed 
in 56 . However, the dispersion of the G-value due to this effect is not so great 
that special precautions need be taken in routine tests. The test voltage is 
suitably chosen to yield a mean-discharge-current value within a reasonable 
range. A current of 0. 1 to 0.25 mA has been adopted in this laboratory. The 
voltage supply ought to be stabilised within about 1 per cent in order to keep 
the variations of the mean discharge current below approx. 3 per cent. The 
wave form of the voltage is important for the discharge regime in the cell. 
The necessary precautions should be taken to prevent possible load changes 
from affecting the wave form of the voltage. 

Fig. 3.17 illustrates the effect of a variation of the gap width d g on G. Here, 
d g influences both C g and U di . G is calculated with the aid of t/^-values 
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and possible observations are recorded. After this, it is dried and weighed. 
If the test is continued, the high-voltage electrode is placed as close as pos- 
sible to the previous site. 



3.7 Modifications of the standard method 

The purpose of the sealed standard test cell for work with other atmospheres 
than air is to check whether the discharge resistance value of a material as 
determined by the standard method is significantly affected by oxidative 
degradation. A low N 2 -flow rate is usually applied in work with these cells. 
In preliminary tests with polyethylene terephthalate film, which has been 
adopted as a standard test material because of the considerable experience 
accumulated during all the development work, a good correspondence with the 
G- value of the standard method has been found. Good correspondence 
between G-values in air and N 2 has also been obtained with an epoxy resin. 
Runs with a slow flow rate of air, on the other hand, gave erroneous results, 
obviously as a result of oxidation of the sample with incomplete removal 
of the degradation products. A loose white deposit is often observed on the 
sample surface in work with the sealed cell. This is carefully removed after 
the weighing procedure with a suitable organic liquid, which is known not to 
dissolve the sample. Drying and weighing are then repeated. The results 
obtained with this technique help the experimenter to judge the applicability 
of G-values to the prediction of the behaviour of materials subjected to internal 
discharges. 

The purpose of the carbon determination technique (see 3.4.4) was also to 
check the standard method. It was intended in the first place as a means of 
judging the correctness of the weight-loss determinations. An attempt was first 
made to determine the integrated carbon evolution from the sample by means 
of a closed air circuit with forced circulation. Carbon was oxidized to C0 2 as 
described in 3.4.4. This method was abandoned, however, because of consider- 
able experimental difficulties, the main cause of which was that the effects of 
all disturbances (carbonaceous matter and water from pump, rubber or plastic 
tube joints, and leaks) were also integrated during the measurement. The direct- 
flow method described was successfully adopted. Zero runs (1 h) with mica in- 
serted in the cell yielded equivalent C0 2 -values of less than 5 fig for the normal 
mean discharge current value of 0.2 mA and of 0.04 mg for 0.4 mA, when dis- 
charges were observed to strike the Plexiglas support outside the electrode area. 
The sensitivity of the method (see 3.4.4.) enables determinations to be made of 
values corresponding to weight loss rates down to about 0. 1 mg/hour. The total 
measuring error in G, assuming a constant discharge gap and normal exposure 
conditions is estimated to be less than 10 per cent. 
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Fig. 3.18. Micrographs of transversal sections (with oblique grinding marks) 
of terephthalate foils. 

a. Before exposure to discharges. 

b. After exposure to discharges. 

3. 8 Assessment of local erosion in samples after standard test 

Various attempts were made to develop techniques for revealing any 
tendency of the discharge attack in the standard test to produce local erosion 
of the sample surface. 

Surface profiles were investigated through the cutting of pieces of exposed 
material and the preparation, by metallographic techniques, of polished 
specimens f or microscopic examination of the transversal section. A number 
of photographs enabled, for example, the irregularities on an exposed PET sur- 
face to be estimated to be on the average 10 jim in width and 5 jjm in depth. 
Details were investigated by electron micrography with oblique metal shading. 
Figs. 3.18 « and b, show sections and Figs. 3.19 « and b the surface structure 
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Fig. 3.19. Electron micrographs of the surface of a terephthalate foil. 

a. Before discharge exposure. 

b. After discharge exposure. 
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Fig. 3.20. Profilograms of polyimide foils exposed to increasing discharge doses. 

a. Discharge exposure 0 hours. 

b. Discharge exposure 24 hours. 

c. Discharge exposure 40 hours. 

d. Discharge exposure 70 hours. 



of PET surfaces exposed to discharges. The conclusion was drawn from the 
optical investigations that erosion in the f orm of very thin, deep channels is 
not common under the exposure conditions in the standard test cell. 
Trials were made to trace sample surface profiles by means of a Taylor- 



71 



Hobson apparatus, in which a sensing point 5 jim in diameter is slid across 
a surface with a load of 100 mg. This method is of limited value to the detection 
of narrow, deep pits, but it reveals protrusions. Figs. 3.20 a, b, c and d show 
profilograms of 127 ^m polyimide film exposed to increasing doses. An increa- 
sing degree of surface roughness due to the action of discharges is apparent. 

Electrical measuring methods might be appropriate for indicating and 
assessing a tendency for narrow pits to develop from the exposed surface. 
Preliminary considerations of the measuring accuracy required made it clear 
that a successful technique would require much development work. A technique 
for determining the local dielectric strength of thin samples was developed 
by Kvandal in this laboratory to an accuracy of 1.5 per cent using coaxial 
needle electrodes. Repeated measurements on different sites of the same 
sample were made possible through the sealing of the punctures with pads 
of adhesive insulating tape. The breakdown tests were carried out in air; 
the use of transformer oil was thought to mask the effect of pits on the local 
dielectric strength. A great number of breakdown measurements on unexposed 
and exposed insulating films were statistically treated and yielded a thickness/ 
strength relation in support of a square-root law given in, for example, 77 . 
After due consideration, however, the method was rejected as a standard 
technique f or the assessment of local erosion. It was thought that this discharge 
attack characteristic should not be assessed in the first place on samples 
exposed in the standard test cell, but that the exposure conditions ought to 
be modified. Work on the development of a treeing test was theref ore initiated. 

Capacitance measurements yield integral information about the whole 
electrically stressed area under the electrodes and are not therefore expected 
to react sensitively on the occurrence of local defects. The most promising 
approach in this field seems to be that of Mayoux 83 , i.e., measurement of C 
and tan 8 at different frequencies. The formation of a slightly conducting surface 
deposit caused by, for example, electrolytic conduction in an adsorbed water 
film, yields a considerable contribution to C and tan 8 with a decreasing trend 
at increasing frequency, whereas the true dielectric C and tan 8 are usually 
far less dependent on the frequency. Changes in the state of the sample surface 
may be detected in many cases with great sensitivity with differential measur- 
ing techniques. This method is being applied with a General Radio impedance 
comparator type 1605 A. 

3.9 Treeing tests 

Moulded homogeneous epoxy-resin samples, which are transparent, were 
used in a series of preliminary experiments. 

Voltage was applied to samples placed under a stereo microscope at 40-200 x 
magnification. It was observed that the growth of the main and side channels 
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from the point electrode appeared to proceed in jumps rather than uniformly, 
which confirms observations reported by Baker 8 . 

A number of test samples were exposed repeatedly during increasing time 
intervals in order to obtain information about the channel growth velocity at 
different applied voltages. The results are presented in 57 , see p. 133 of this issue. 
The duration of the exposure interruption appears to affect the propagation 
velocity of treeing channels. 

Samples were exposed so as to produce different penetration depths, which 
were determined visually in the stereo microscope using an ocular micrometer. 
The dielectric breakdown strength was then determined with a linear voltage 
rise. No dependence of the breakdown voltage on the thickness of the remain- 
ing material under the channel tip could be f ound. 

Treeing tests with opaque materials are suitably performed as time-to- 
breakdown tests. 

Treeing tests should be performed at different voltage levels. The temperature 
effect on the treeing resistance of materials is also an important characteristic. 

3.10 Voltage-life tests 

In the course of IEC Committee work, when tests performed in different 
laboratories were compared, voltage-life tests were carried out with the cell 
described in 3.2.5 51 > 52 . Fig. 3.21 shows the appearance of an exposed PET 
film after breakdown. The degradation pattern was observed to change gradu- 
ally during the exposure. The radial and tangential discharges described in 
Chapter 1 (Fig. 1.6) were observed with the present electrode configuration. 
The average time to breakdown was found to be influenced by the introduc- 
tion of a 0.3 mm gap under the electrode with constant cell voltage. When 
the voltage was adjusted to give a current equal to the gapless configuration, 
however, the lifetimes differed less than the standard deviation of the measure- 
ments. It is perhaps worth considering whether the current rather than the 
cell voltage, or both these together, should be adopted as the guiding exposure 
measure in voltage-life tests. 

3.11 Results 

Tests with the standard and other techniques described here have been 
performed on a variety of pure and composite materials. Some general in- 
formation about the accumulated experience will now be given. 

When homogeneous materials are exposed to discharges in standard test 
cells, a stationary regime is established after a short time, usually not exceeding 
0.5 hours. It is supposed that the modified surface layer is formed during this 
time, and that it subsequently grows downwards and is eroded from the top at 
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Fig. 3.21. View of a sample exposed to surface discharges in a voltage-life test. 



about the same rate. Even when homogeneous materials are tested, it has 
been f ound suitable to divide the exposure into two or three periods. The first 
period is usually 18 to 24 hours, which gives information about possible 
formative effects caused by an original surface layer having properties differing 
from those of the body of the material. 

A formative period is nearly always present in tests with filled or reinforced 
materials. The surface layer is likely to have a higher concentration of the base 
material — resin or other material — than the average. If the incorporated 
component is discharge-resistant, as is the case with inorganic materials, a 
gradual increase in the G-value with time is found. A stationary G- value 
should be obtained. If this is not the case, a closer investigation of the deteri- 
oration is called for. Visual and, possibly, microscopic inspection of the ex- 
posed surface is always to be recommended. Many peculiarities of discharge 
attack would otherwise escape attention. 

As an example, samples of a certain glass-fibre-reinf orced epoxy resin showed 
a tendency for the glass-resin bond to be destroyed in the exposed surface 
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Fig. 3.22. The discharge resistance index G versus time at constant exposure intensity. 

region. Individual glass fibres were then seen to have become detached along 
a considerable length. Optical examination, which is often impaired by similarity 
of the refractive indices of components of a compound material, is often assi- 
sted by manual mechanical probing of the examined site. 

The discharge resistance of some, but not all, materials is temperature- 
dependent. The influence of the known property transition temperatures (e.g., 
the glass transition point) of polymers deserves attention in this connection. 

A good correspondence with standard-test G-values has been obtained 
with, for example, polyethylene terephthalate and an epoxy composition 
in work with sealed cells, both with nitrogen flushing and weighing and with 
direct carbon determination. The carbon-determination technique, which 
was primarily developed for checking the weighing method, appears to be 
well suited for quick G-value determinations of the homogeneous materials. 

When similar G-values are obtained in the standard cell and the sealed 
nitrogen cell, an interesting possibility of judging the behaviour of materials 
subjected to internal discharges arises, as discussed in 4. 

Table 4 lists G-values for some materials tested in standard cells. Fig. 3.22 
shows examples of the change of G with testing time for composite materials. 



75 



Table 4. Discharge resistance of polymers. 



G-index 



J/kg 
X10 10 



Foils 



Polystyrene 

Polyimide 

Polyethylene 

Polycarbonate 

Polyethylene terephthalate 

Cellulose acetate 



0.50.75 
0.43 
0.14-0.20 



1.1 
1.0 
0.9 



Varnishes and resins 



Buton varnish 
Polyimide varnish 
Epoxide resin 

Epoxide resin, glass-fibre-reinforced 



0.60 
0.35 
0.55 
0.70 



The methods developed in the course of this work enable discharge resistance 
testing of insulating materials to be performed according to the guiding rules 
stated in 2.2. The tests are essentially non-functional. The degree of func- 
tionality increases from the standard test with flowing air to the treeing test. 
The pattern formed by the tests can be characterised as follows. 

1. The standard test forms the basis for a relative assessment of the discharge 
resistance of materials. It is applied to all investigated materials. 

2. The validity of the results obtained by the standard test is checked with 
the carbon-determination test, which is performed with selected materials. 

3. The modified standard test with an inert atmosphere yields information 
about the applicability of standard test results to an assessment of the 
internal-discharge resistance of insulating materials. 

4. The treeing test yields additional information about the tendency to gradual 
insulation loss of materials. 

The evaluation scheme adopted can also be achieved with alternative 
testing techniques, as discussed in 4. 
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4. Discussion 



Against the background of the theoretical and experimental information 
presented above, the author considers it possible to draw certain conclusions 
regarding the choice and successful application of discharge resistance tests 
to insulating materials and combinations of materials. 

In those insulation applications where insulation deterioration caused by 
partial discharges other than gradual loss of local dielectric strength is relevant, 
information about the total discharge action on materials should be sought 
in the first stage and be supplemented with information about the tendency 
to gradual penetration of the materials. This applies particularly to rotating 
machine insulation and, to some degree, to transformer insulation. 

The choice of testing methods depends to some extent on the resources of 
the laboratory. For total attack tests the methods with direct determination 
of the amount of deterioration are recommended in the first place. Of these, 
the chromatograph method is perhaps the most versatile one, because it 
enables the experimenter to choose selectively the volatile component on 
which measurement of the quantity of eroded material is based. On the other 
hand, this technique requires advanced equipment and highly skilled staff. 
The total cost of each determination is relatively high, if estimated in the way 
used in industrial research. 

Simpler direct methods as, f or example, the carbon-determination technique, 
require a far less advanced instrumentation and set-up and can be applied 
by staff of medium qualification. The duplication of testing facilities can be 
achieved more easily under conditions of economic restriction. 

Both methods mentioned above have the advantage that the testing time 
required for taking a single reading is rather short (about 1 hour). However, 
the total time required for performing a complete test is determined by the 
exposure necessary to obtain all the information required, which, inter alia, 
means a stable level of the deterioration or resistivity index. The amount 
of sample material required for a test is rather modest. 

For routine tests the indirect method of loss-of -weight determination is 
recommended. When proper precautions are taken to reduce the most im- 
portant experimental errors, such tests can provide much information at a 
relatively low cost in terms of required equipment and labour. The need for 
a rigid experimental routine, however, can hardly be overemphasised. It is 
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not recommended that unskilled personnel should be employed for such 
work, since the skill of a trained laboratory worker (usually at technician level) 
is required for initiating appropriate action to be taken when anomalies 
occur. 

The quantity of test material required with this method is greater than with 
the direct methods. Since the deterioration measure is an integral value, 
it is more important than with the methods based on quick determination of 
the degradation intensity either to secure constant exposure conditions and/or 
to obtain as complete a record as possible of the exposure intensity during 
the test. When many parallel tests are being run, it is a matter of convenience 
whether frequent observation and record-keeping, continuous graphic record- 
ing, or data logging is to be preferred. If our mean-discharge-current measuring 
method is adopted, it might be worth while to substitute the light-spot galvano- 
meter by an adequate RC network yielding a voltage proportional to the 
mean discharge current. This voltage is measured by a digital voltmeter, 
provided, if desired, with a digital print-out. The periodic connection of such 
equipment to all cells can be arranged and it can also easily be accomplished 
automatically. 

The information obtained with optical examination of the exposed samples 
with the naked eye and with the aid of a microscope equipped with as versatile 
illumination sources as possible is often very useful for both the assessment 
of the degradation and for the disclosure of peculiarities which might have 
occurred in the test. 

Direct determination of material deterioration in internal-discharge test 
arrangements is relatively difficult. Lifetime determinations are comparatively 
simple, but the pronounced functional character of such tests hinders their 
interpretation for conditions differing from those prevailing in the model. 
Instead, an approach in two steps is suggested when the results of the standard 
test with air correspond to results of the modified test with an inert gas, e.g., 
nitrogen: the determination of the external-discharge resistance, which is 
advantageous from the point of view of exposure normalisation, and a deter- 
mination of the variation with time of the discharge intensity in a test arrange- 
ment devised for appropriate internal discharge conditions. The internal- 
discharge resistance is then estimated through the combination of the results 
of the two tests. The second of these tests has some features in common with 
functional testing, but not to the same degree as a functional system test or 
the usual internal-discharge tests for materials. It is simpler in that it does 
not involve an explicit evaluation of the material response. When the primary 
discharge-resistance test has already been performed in an inert atmosphere 
(e.g., in gas chromatography work), no intermediate checking before the 
application of the results to the estimating of the internal-discharge resistance 
is required. 
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The recommendation of judging the internal-discharge behaviour of materials 
on the basis of results of external-discharge resistance tests presupposes that 
the basic mechanisms are similar. Our investigation of the power dissipation 
from discharges 56 has shown that variations in the discharge conditions, 
which tend to affect the discharge power as determined from the measured 
electrical characteristics, actually do take place, but that the variations are 
not of such a size as to invalidate discharge energy determinations based 
on the usual electrical measuring methods. This point is further discussed in 
the paper quoted above. 

A separate test is recommended for supplementary local attack studies. 
The Damstra technique (see 2.4.2.) or a treeing test is thought to be most 
appropriate. 

If the tests for both total and local attack are normally performed at room 
temperature, they should be supplemented by trial tests at the service tempera- 
ture or class temperature for which the material is intended. If there are any 
significant deviations, the testing programme should be enlarged. 

Insulation systems developed on the basis of decisions incorporating the 
results of discharge-resistance assessment tests on materials should be subjected 
before final approval to appropriate accelerated functional system tests. 
Parts of the information given in this paper might possibly be of some use 
to the planning of such tests. 

In the field of extremely stressed insulations, e.g., for cables and capacitors, 
the aspect of gradual loss of dielectric strength dominates to such a degree 
that an assessment of the total degradation of materials under the action of 
partial discharges may be considered as being of secondary importance only. 
The widely held voltage-life-test philosophy has most to be said in its favour 
in this field of application. It should be remembered, however, that the voltage- 
life criterion is characteristic of functional tests, which implies that the test 
must be representative of service conditions. This limits the degree to which 
the experimental parameters can be varied. In the author's opinion, the above 
considerations favour in the first place the treeing test techniques or, possibly, 
the Damstra test. Tests based on the penetration of insulation under the action 
of discharges in previously arranged voids may also be envisaged. A number 
of method problems encountered in such tests, however, have still to be 
clarified. The present work indicates that it is essential that sufficient informa- 
tion about the discharge intensity occurring during such tests should be 
obtained. 



79 



Acknowledgements 

The author expresses his thanks to ASEA for permission to publish this 
work, and for being allowed to make use of unpublished investigations of 
insulation ageing. 

The author is greatly indebted to his collaborators for the dedication and 
initiative shown during the course of the investigation. Some of them appear 
as co-authors of papers. In addition, it is a pleasure to name Mr Lars Carlsson, 
Mr Nils Kvandal, Mrs Evy Langberg and Mr Narve Skaar Pedersen. The 
author has profited much from stimulating discussions with a number of 
collegues at ASEA, and also from active help from their side. He is deeply 
obliged to Mr Anders R. Andersson, his department head during several 
years, for constant encouragement and many discussions of basic principles. 

Thanks are due to Mr Martin Blake, B.A., for having taken upon himself 
the laborious task of checking the English of the manuscript, and to Dr Sigvard 
Thulin for valuable comments. 

The work reported here f orms part of a research project f or which a grant 
has been obtained from the Swedish Technical Research Council in 1966. 



Abstract 

A review is given of the occurrence of partial discharges in insulation and 
of the factors and mechanisms influencing them. The effects of partial dis- 
charges on insulation are described. Published testing methods for the assess- 
ment of the discharge resistance of insulating materials are systematically 
compared. Method development work in the authors laboratory is described, 
and a sequence of materials tests is proposed. A new approach to the assess- 
ment of the internal-discharge resistance of insulating materials is suggested. 
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APPLICATION OF ISOTHERMAL CALORIMETRY FOR 
MEASURING POWER DISSIPATION CAUSED 
BY PARTIAL DISCHARGES 



Andreas Kelen and John Aase 
Central Laboratories, ASEA, Vasteras 



Introduction 

The occurrence of partial discharges in, or adjacent to, high-voltage in- 
sulations is a problem of great concern in electrical power engineering. 

Partial discharges in a gas space inside, or adjacent to, a dielectric appear 
when the field intensity in the gas exceeds a certain limit. If alternating voltage 
is applied, the discharges occur as groups of pulses of very short duration 
( < 50 ns). The polarity of the pulses coincides with the sign of the time 
derivative of the applied voltage. The magnitudes of the discharges are 
distributed in a random way. Their distribution depends on a number of factors 
such as, for example, the atmosphere in the cavity, its geometry, the nature 
of the dielectric, the surface conductivity of the dielectric surface. 

Knowledge of the discharge intensity is of importance to the testing of 
the endurance of insulating materials and systems exposed to partial discharges. 
In life tests, the time to breakdown of a sample exposed to an alternating 
voltage with constant amplitude is taken as a measure of the resistance of the 
material, and the stress is assumed to be a measure of the discharge intensity. 
Modern discharge detectors determine the intensity of individual discharge 
pulses in terms of charge. The quantity measured is the charge supplied from 
the high-voltage circuit to the dielectric in series with the gas volume imme- 
diately affected by an individual discharge, when the voltage across the gas 
volume breaks down partially or wholly. Detailed investigations of the relation- 
ship between the magnitudes characterising the discharge and the output 
from the measuring circuitry as a function of the test object and instrument 
parameters have been published in, for example, 1 . 

There is still some controversy about the proper way in which the discharge 
intensity should be measured. Modern discharge detectors usually determine 
the maximum discharge magnitude, i.e., the highest discharges produced 
in the volume under investigation. However, owing to the above-mentioned 
statistical character of this quantity the maximum discharge magnitude depends 
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to some degree on the integration time constant of the measuring device. 
A typical value chosen for this is about 0.1 s 1 . Discharge detectors can be 
combined with electronic counters for determining the discharge pulse rate. 

Determination of material deterioration under the action of partial dis- 
charges requires the use of methods for assessing the quantity of degraded 
material and of the total dissipated discharge energy 2 . The discharge energy 
need not be known for comparative studies, as long as the relevant experi- 
mental conditions can be held constant. This applies to, for example, tests 
where insulation films or plates are exposed to discharges in a ventilated gas 
gap of constant thickness. The desired versatility of the test, e.g., the possibility 
of comparing materials of different thickness and permittivity, and the elab- 
orateness of the discharge intensity measurements, are related in a way that 
gives some possibility of choice. 

The situation is different in the technically very important case of internal 
discharges, i.e., partial discharges in a confined gas volume surrounded by the 
dielectric. Changes in the pressure and composition of the gas and in the 
properties of the dielectric surface caused by the action of partial discharges 
affect the discharge conditions. The discharge intensity tends to change with 
time and cannot be controlled. For systematic studies the discharge intensity 
must be assessed. This is suitably achieved by means of electrical measuring 
methods, e.g., discharge magnitude detectors with pulse-rate counters 1 , 
measurement of the mean discharge current 2 , (p. 54 of this issue) or deter- 
mination of the distribution of discharge amplitudes 3 . The derivation of the 
dissipated discharge energy from such measurements depends on the assump- 
tion of an appropriate model of the system consisting of the discharge site, 
the rest of the test object, the energy source and the measuring circuit. 

The present work aims at obtaining direct inf ormation about the dissipated 
partial discharge energy under specific discharge conditions. 

This is achieved through the application of the isothermal calorimetric 
technique in this field. The results are compared with measurements of the 
mean discharge current and of the discharge pulse magnitude and rate. The 
results of the calorimetric measurements permit a new approach towards the 
understanding of the mechanism of partial discharges in, or adjacent to, 
dielectrics. This investigation is published separately 4 (p. 1 03 of this issue). 
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1. Method 



The original intention was to apply the calorimetric technique to an exposure 
cell consisting of a plane parallel arrangement of the electrodes, one or two 
dielectric samples and a discharge gap. 

An attempt was undertaken to determine the power dissipated by partial 
discharges in a cell consisting of a relatively heavy cylindrical ceramic body 
containing the electrode assembly. The temperature drop over a thermal 
resistor (a stainless steel cylinder) connecting the otherwise well insulated 
cell with a surrounding thermostatised container was intended to give a measure 
of the dissipated power. This method was abandoned because of insufficient 
thermal coupling between the region surrounding the high-voltage electrode 
and the thermal resistor, which made it difficult to avoid thermal stray losses. 
Moreover, this cell had a very considerable thermal time constant. 

A revised concept of the principle of power measurement led to the adoption 
of an arrangement with separate, controlled thermal leakage paths for the 
high- and the low-voltage electrode regions, respectively. In this way, thermal 
coupling between the parts of the cell ceased to be of importance. The electrodes 
and supports could now be given a low thermal capacity and the time constants 
of the cell consequently made low. Moreover, a possible asymmetry in power 
dissipation between the electrodes can be detected. Provisions were also 
made for measuring the power carried away by gas flowing through the 
cell. 
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2. Apparatus 

The measuring cell consists of two electrode assemblies held apart at a 
certain constant distance by means of an insulating frame and in thermal 
contact with heat sinks. The arrangement of the cell is shown in Fig. 1. The 
heat sinks are copper blocks with ducts permitting the circulation of a liquid 
maintained at a constant temperature. The spacer frame is made of Plexiglas. 
It is provided with small holes (d = 3 mm) at opposite sides f or the admission 
or circulation of the gas, which is to constitute the atmosphere of the cell. 
The parallel faces of the frame are milled slightly on their outer edge in 
order to take up a layer of silicone grease for sealing the cell without the 
grease coming into direct contact with the discharge region. 

The design of an electrode assembly is shown in Fig. 2. The stainless steel 
electrode (50 x 40 x 2 mm) is arranged in intimate contact with a glass plate 
(120x 120x2mm), which constitutes the thermal resistor. The temperature 
drop across the glass plate is measured with a centrally placed thermocouple 
consisting of a 2 mm x 0.01 mm constantan strip and 0.15 mm gauge silver 
wire. The joints are pressed together without soldering. The thermocouple 
is insulated electrically from the electrode by a 0.2 mm mica flake. A thin 
(0.005 mm) terephthalate foil, covering the whole glass plate, is mounted 
between the "cold" junction of the thermocouple and the copper block. A small 
strain gauge is glued into a shallow recess at the back of the electrode to 
permit a direct calibration of the thermocouple readings in terms of power. 
The whole electrode assembly is glued together under pressure with a thermo- 
setting adhesive. Dielectric samples to be incorporated in a cell are glued 
to the electrode by means of colloidal silver varnish or epoxy resin. 

The flashover voltage of the electrode assembly amounts to about 8.5 kV 
(R.M.S.). 

During the application of high voltage to the cell, the terminals of the 
calibration resistance of the high-voltage electrode lie at a dangerous potential 
and must be suitably protected. The thermocouple leads of the high-voltage 
electrode, though galvanically insulated from the electrode, are nevertheless 
to be treated as high-voltage conductors. The thermocouple e.m.f'.s are con- 
sequently measured with a battery-powered transistorised microvoltmeter 
insulated from earth and line potentials. 
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Fig. 1 . Schematic arrangement of calorimetric cell. 
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Fig. 2. Electrode assembly. 
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Fig. 3. Schematic diagram of circuits for measurement, calibration and feeding of calori- 

metric cell. 



A careful insulation of all parts of the cell and the associated circuitry that 
might produce unintended partial discharges is an important precaution. 

The set-up of the measuring circuits appears from Fig. 3. 

The high- voltage electrode is fed from a 1:100 resin-potted high-voltage 
transformer energised over a Variac. A high-voltage fuse, consisting of a thin, 
spring-loaded metal wire (Kanthal, d = 0.025 mm), is provided as protection. 
The cell voltage is determined from the reading of a voltmeter in the primary 
circuit of the transformer. 

A resistor (3.3 kQ) is connected between the low- voltage electrode and earth 
to allow the mean discharge current to be measured. The low-voltage electrode 
is connected to an oscilloscope and to a current measuring device. The latter 
consists of an electrodynamically driven chopper energised from one of the 
two phases of the power supply of the high-voltage circuit and the third 
phase. The switching instants of the chopper contacts are made to coincide 
as closely as possible with the peaks of the voltage wave by means of a phase- 
shifting network. In this way, only positive or negative discharge pulses, 
respectively, are admitted to the galvanometer connected via the chopper, 
whereas the 50 Hz component is nearly balanced out. Connecting a ballast 
resistor of a value equal to the galvanometer resistance (10 Q) to the other 
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chopper contact enables a constant load to be obtained on the cell (except 
for the switching intervals). The galvanometer is a Norma Model 251 U 
light-spot instrument. The current measuring unit is calibrated with both 
direct current and rectangular wave signals of 10 to 20,000 Hz. 

The thermocouples measuring the temperature drops over the glass plates 
backing the electrodes are connected, as has already been mentioned, to an 
electronic microvoltmeter. This instrument (Medistor mod. 75 A) also comprises 
a d.c. compensator unit, which permits measurements with a high degree 
of accuracy. 

The power calibration of the thermocouples is carried out through the 
measuring of the voltage across and the current through the calibrating resistors 
when fed from an electronically stabilised d.c. source. 

The heat sinks are provided with thermocouples for temperature control. 

The velocity of the gas flow through the cell is measured with flow-meters 
both in the inlet and outlet leads. 

For measurement of the power carried away by the gas stream in ventilated 
cells, the gas flow was led through a small thermally insulated flask filled 
with metal wool for temperature equalisation and provided with a thermo- 
couple. Trial runs with power supplied electrically to the test cell showed 
unexpected periodic variations of the temperature of the flowing gas (about 
1 deg). The effect was traced back to the air conditioning system of the labora- 
tory. Addition of a gas temperature measuring unit in the inlet lead to the mea- 
suring cell and differential temperature measurement between the gas inlet and 
outlet led to the complete elimination of the disturbances caused by fluctuations 
in the room temperature. 
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3. Calibrations and controls 



One electrode assembly was provided with an additional thermocouple near 
the edge of the electrode in order to check whether the uniformity of the heat 
flow, which may be assumed to be good during experiments with partial 
discharges, is also sufficient during the calibration procedure. The result of 
the experiment turned out to be satisfactory; the temperature difference 
between the central and the peripheral thermocouples was less than the un- 
certainty in the temperature measurement. 

A check of the temperature of the heat sinks showed a very slow drift 
when the temperature of the copper blocks was not controlled. Although this 
temperature drift is without significance to the ordinary calorimetric meas- 
urements, which usually require less than 10 min, all measurements were 
performed with the temperature of the copper blocks controlled in such a 
way that transformer oil was circulated by means of a Lauda thermostat 
with a temperature stability of 0.01 deg or better. 

The thermal coupling between the gas flow through the measuring cell 
and the electrodes was investigated in two ways. First, the electrode power 
was calibrated with varying rates of air flow through the cell. No change 
in the calibration curve could be detected for gas flows from zero up to 
31/min, which demonstrates the insignificance of gas cooling of the electrodes 
in our measurements. The cell was then run with no electric power supplied 
to the electrodes, but with a flow of gas previously heated by passage 
through the thermostat to about 10 deg above the cell temperature. The rate 
of temperature rise of the copper blocks was found to be 1.6 deg during 
435 min. From this the heat-transfer coefficient between one electrode and 
air flowing through the cell at the particular gap setting and a flow rate of 
1 1/min was estimated to be of the order of 7 mW/deg. 

Measurements of the mean discharge current yield values of either the 
positive or the negative current. Repeated checks under different discharge 
conditions have demonstrated that the two components are equal. Only the 
mean value of the positive discharge current is therefore measured. In order 
to compensate for the remaining phase asymmetry of the chopper action after 
phase adjustment, the current measurements for each discharge exposure are 
preceded by current readings at voltages safely below the discharge-inception 
voltage in order to determine the remaining 50 Hz displacement current 
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component. The current readings during exposure are corrected for the 50 
Hz component by linear extrapolation. This correction is usually less than 
3-5 per cent for higher readings. 

Oscilloscope observations of the discharge pattern during the application 
of high voltage to the cell have demonstrated the absence of parasitic dis- 
charges from conductors outside the discharge gap of the cell. 

The measuring error consists of the calibration and measuring errors of 
the differential thermocouples [2 x (2 + 2) per cent] and the current- and voltage- 
measurement error of the power calibration (0.3 and 0.5 per cent). The overall 
error in the power determinations is thus estimated to be of the order of 10 
per cent. 
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4. Measurements 



Measurements were planned in order to yield information about the corre- 
lation of the true power dissipated in test cells and the values given by some 
electrical measuring devices. In the first place, cells were to be run with a 
dielectric having the smallest possible susceptibility to changes owing to 
the action of discharges. Mica was chosen for this purpose. Secondly, the 
behaviour of organic insulation materials was to be studied. 

In the following some results will be presented of the power and discharge- 
intensity measurements in static nitrogen and air. A number of test electrode 
assemblies (bare, mica-clad and clad with polyethylene terephthalate foil) and 
spacer frames were prepared. 

The f ollowing experimental routine was applied : 

1. Choice of electrode assemblies and spacer frame of known thicknesses. 
Assembly of the cell using silicone grease for sealing. 

2. Determination of the thickness of the mounted cell (repeated at the end 
of the experiment). 

3. Mounting of the cell between copper blocks. Insertion into the thermal 
shield. Connection and insulation of electrical leads. Connection of gas 
leads. Flushing with gas for 2 min. 

4. Power calibration of each electrode (usually up to 1.5 W. Reproducibility 
better than 2 per cent for electrode assemblies even if used in different 
cells.) 

5. Determination of the 50 Hz component of the mean current. 

6. Increase of voltage. Determination of the discharge-inception and discharge- 
extinction voltages (repeated after exposure). Checking of the absence of 
parasitic discharges. 

7. Application of the test voltage. Measurement of mean current and other 
possible discharge characteristics. Power measurement after 8 to 10 min 
(steady state attained after 4 to 5 min). Repeated current measurement. 

8. Flushing with gas. 

The next measurement is performed after a minimum delay of 5 to 10 min. 
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5. Results 



The dissipation of power in several cells was determined at different volt- 
ages. The atmospheres were supplied from gas cylinders in order to avoid 
complications owing to humidity and possible variations of composition. 
A differential discharge detector (system Kreuger) with an associated pulse- 
rate counter was used in a series of measurements. 

Fig. 4 shows the dissipation from the individual electrodes and the total 
dissipated power in a symmetrical and an asymmetrical cell with similar 
thicknesses of the dielectric (mica) and gap. There is a marked difference 
between the heat supplied to a covered and an uncovered electrode. 

Fig. 5 demonstrates the difference in power dissipation in cells depending 
on the atmosphere. The dissipation in N 2 was found to be greater than in 
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Fig. 4. Power dissipation from individual electrode assemblies and the complete cell (asym- 
metrical and symmetrical cells). 
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air in all runs with different cells, when both of the gases were applied. This 
finding is associated with the fact that the discharge-inception voltage of 
0.7 mm gaps containing N 2 is somewhat higher than for air. Fig. 5 also illus- 
trates the reproducibility of the measurements; the cells Nos. 14 and 15 were 
assembled on different days from the same electrode assemblies and spacer. 
The effects of variations in gap width and thickness of the dielectric can be 
seen in Figs. 6 and 7. 

Table 1 gives the results of measurements of the dissipated power, the mean 
discharge current, the discharge magnitude (maximum pulse) and the cor- 
responding pulse rate. A cell with mica was combined with external impedances 
in the high-voltage circuit. The effect of the associated impedances appears 
to be somewhat more pronounced in the readings given by the discharge 
detector than in the mean current readings. A second cell with a terephthalate 
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foil demonstrated the existence of a time dependence of the discharge char- 
acteristics. This is probably caused by the formation of a layer of deteriorated 
material on the dielectric. In the present case this process appears to take 
10-20 min. After this formation time, the surface attains constant properties 
during the subsequent progress of the attack on the material. 

Fig. 8 gives the mean discharge current I mdp and the product of the maximum 
pulse Q miLX and the pulse rate JV as functions of the dissipated power P in 
the mica cell mentioned in the preceding paragraph. The values concern 
partial discharges in nitrogen. Values are plotted for the cell without and 
with external impedances Z. These results indicate that Q max x N is 
more susceptible to changes for different values of Z than I mdp . This can 
be understood if it is remembered that impedance variations — both in the 
cell and in the associated circuit — tend to influence both the amplitude and 
the shape of the pulse magnitude distribution and also the rate of occurrence 
of the discharge pulses 3 . This may influence the relation between the dis- 
charge detector readings and the statistical mean of the complete discharge 
pulse spectrum. In experiments with internal discharges in a gap with constant 
thickness, however, such changes may be expected to be of minor importance, 
with the possible exception of the initial stage of the exposure. Discharge 
detectors may, therefore, be quite satisfactory for use in such experiments. 
The authors wish to underline, however, the suitability, as demonstrated by 
the above-mentioned results, of the described method of mean pulse current 
measurement. This method is quite simple, relatively inexpensive in terms of 
equipment costs and requires a minimum of manipulation and, consequently, 
time. 

The analysis of the experimental results both in terms of circuit parameters 
and the light they may throw upon the mechanisms of partial discharges 
between dielectric surfaces is published in a separate paper 4 (p. 103 of this issue). 
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Abstract 

A calorimetric method for determining the power dissipation from partial 
discharges in a test cell is described. The influence of different experiment 
parameters on the power is investigated. A comparison of the measured power 
with electrically determined characteristics of the discharge intensity reveals 
the advantage of a simple mean-discharge-current measurement method for 
determining the discharge intensity in discharge-resistance tests on materials. 
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A STUDY OF THE MECHANISM OF PARTIAL 
DISCHARGES BY INSULATING SURFACES 

Andreas Kelen 
Central Laboratories, ASEA, Vasteras 



Introduction 

In a separate paper (p. 87 of this issue) the author and Aase describe a tech- 
nique for the calorimetric determination of the power dissipated from partial 
discharges in a gap of constant width adjacent to, or sandwiched between, 
dielectric layers. Results illustrating the influence of different parameters on 
power dissipation are also presented there. This work was initiated in order 
to obtain a better knowledge of the relation between the usually measured 
electrical characteristics of partial discharges and the true energy dissipation. 
This was considered to be an important condition for enabling reliable dis- 
charge intensity determinations to be perf ormed in work on the internal dis- 
charge resistance testing of materials, assuming as discussed in some detail in 21 
that material degradation is nearly proportional to the dissipated energy. The 
purpose of the present work is to evaluate theoretically the results obtained 
from partial discharge calorimetry. The same notation is used as in 21 , see 
p. 9 of this issue. 
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1 . Results of calorimetric discharge power determinations 



The power dissipation caused by partial discharges in a number of cells 
with gaps of constant thickness was determined by the technique described 
in 20 . The atmospheres used were stationary nitrogen and air. The discharge 
power P k , the mean discharge current I md and the discharge-inception and 
discharge-extinction voltages were determined. In each series of measurements 
I md was varied through changing of the cell voltage. 

Table 1 gives the characteristics of the used cells and the measuring pro- 
gramme. The number of individual measurements amounts to 385, 158 of 
these being with nitrogen. 45 results were excluded from the analysis, irrespec- 
tive of whether they conf ormed to their group or not, f or the following reasons : 
cell voltage too close to the inception voltage (fluctuating discharge intensity) — 
41, irregular I md - values for normal P k - values, i.e., suspicion of reading error — 4. 

If the calorimetric power values are compared with the power determined 
from 



as derived in, for example, 8 on the assumption of a commonly used simple 
model, which will be discussed in some detail in 2, some general tendencies 
immediately appear, see Figs. 1 and 2. In the equation above, I md is the mean 
discharge current, C g and C d are the capacitances of the gas gap and dielectric, 
respectively, and U p is the Paschen breakdown voltage of the gap. In nitrogen 
the measuring points f orm a population, which appears to be grouped around 
a straight line with a slope of less than unity. The air values seem to form 
two distinct populations, one with a slope of about unity, and another with 
a lower slope. Adjacent points in the figures usually belong to different series 
of measurements. The average value is given for parallel results in a series. 
An examination of the deviations reveals that they are not systematically 
related to the cell parameters. 

It appears, therefore, that the power as determined from 7 m ^measurements 
is well correlated with the actual power dissipation. The use of electrical 
characteristics of the power dissipated from internal discharges, e.g., in the 
discharge resistance testing of materials, may consequently be considered to 
be well justified, bearing in mind the limited accuracy of such determinations. 
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Table 1. Characteristics of cells and measuring programme for calorimetric discharge- 
power determinations. 



Cell 
type 


Atmos- 
phere 


Dielectric 


K 


d 9 

mm 


mm 


r 

c d 

a 


U 

min. max. 
kV (R.M.S.) 


^mdp 

min. max. 
appr. fiA 


Number 
of results 




fV 

iv 2 












1 4 


1 so i^on 

1 JU— 1 JUU 


0 

o 


16A 


air 


mica 


5.7 


0.15 


0.12 


1.082 


1 A 

1—4 


J0-130U 


1 




M 

iv 2 












1.5-4.5 


Z JU — 1Z 


18 


33 A 


air 


mica 


5.7 


0.25 


0.14 


1.10 


1.5-4.5 


150-1250 


18 
















2-4 


200-1500 


9 


13 A 


air 


mica 


5.7 


0.65 


0.07 


1.019 


2-4 


85-1350 


9 




N a 












2-4.5 


160-1250 


6 


15 A 


air 


mica 


5.7 


0.70 


0.07 


1.018 


2.5-4.5 


200-1200 


5 
















2-4.5 


150-1250 


6 


14A 


air 


mica 


5.7 


0.70 


0.07 


1.018 


2^.5 


75-1200 


6 


32 A 


air 


mica 


5.7 


0.80 


0.14 


1.032 


2.4-4.4 


85- 900 


33 


25 A" 


: ^2 


mica 


5.7 


0.90 


0.14 


1.027 


2.8-4 


280- 750 


9 




AT 






1.03 






1 A <\ 
J— 4. J 


-Jen in^n 
jjU— IUjU 


Q 
O 


12A 


air 


mica 


5.7 


0.12 


1.021 


3-4.5 


100- 800 


8 




A' 2 












1 A ^ 
J— 4. J 


jjU— IUjU 


Q 
O 


11 A 


air 


mica 


5.7 


1.18 


0.12 


1.018 


3.5-4.5 


250- 750 


6 




A' 2 












~) A ^ 
Z— 4. J 


jU— jIU 


O 


22 A 


air 


PET 


3.2 


0.45 


0.19 


1.157 


2-4.5 


35- 260 


6 


J j A 


air 


ep. -i-mica p. 


A 1 

4.2 


0.4j 


n in 

o.iy 


1 in 
I AO 


l A ^ 
Z— 4. J 


jj— J/j 


c 
O 




iV 2 












1 5 4 S 

1 .J — t.J 




36 


24 S 


air 


mica 


5.7 


0.15 


2x0.14 


1.328 


1.5-4 


70- 450 


28 




A 2 












l.j— 4. J 


jU— oUU 


c 
O 


19 S 


air 


mica 


5.7 


0.25 


2x0.14 


1.197 


1.5-4.5 


50- 550 


7 
















1.5-4.5 


85- 550 


7 


17S 


air 


mica 


5.7 


0.45 


2x0.14 


1.109 


2-4.5 


70- 625 


12 




A^2 












2.5-6.25 


60- 330 


11 


Zl o 


aii- 


mica 


N 7 

J . / 


n fin 


fl 48 4- ft ft7 


1 . 1 J z 


2.5-4.5 


20- 140 


5 


31 S 


air 


mica 


5.7 


0.60 


2X0.14 


1.082 


2.2-4.4 


70- 365 


36 




^2 












2.25-4.5 


110- 500 


6 


18S 


air 


mica 


5.7 


0.80 


2x0.14 


1.061 


2.7-4.5 


100- 400 


5 




A^2 












3-4.5 


110- 400 


4 


20 S 


air 


mica 


5.7 


1.10 


2x0.14 


1.045 


3.5-4.5 


120- 220 


7 


27 S 


air 


PET 


3.2 


0.33 


2X0.19 


1.427 


2.5-4.5 


45- 190 


12 




A^2 


ep. -|-mica 










2-4.5 


40- 210 


10 


34 S 


air 


P- 


4.2 


0.50 


2X0.19 


1.18 


2-4.5 


10- 170 


12 



° Measurements with externally connected impedances. Discharge intensity also determined with 
discharge detector and pulse-rate counter. 
A= asymmetrical cells. 
S = symmetrical cells. 
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6 

P e ,W 



Fig. 1. Calorimetric discharge power P k as a function of the discharge power P e determined 
from electrical data (mean discharge current, Paschen breakdown voltage, cell 

parameters). Nitrogen. 



The existence of two apparently distinct discharge regimes in Fig. 2, which is 
investigated in 3.2 and 4.2 suggests, however, that the test conditions should 
be chosen to ensure constant discharge conditions so that the spread in testing 
results will be reduced. 

The experimental results are examined in more detail after these general 
findings. The confidence that can be placed in power determinations based on 
the externally measured discharge magnitude and inception and extinction 
voltages is then discussed. Finally, some aspects of partial discharge mecha- 
nisms are considered in the light of the experimental evidence. 
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0 1 2 3 4 5 

P e ,W 

Fig. 2. Calorimetric discharge power P k as a function of the discharge power P e determined 

from electrical data. Air. 



107 



2. Derivation of a power equation 

For a further evaluation of the experimental results, the power equation 
(1) quoted above will now be improved through the introduction of the 
discharge remanent voltage U dr , which was assumed to be negligible in the 
derivation in 8 . 

The usual simple model of Fig. 3, which was introduced in 1932 by Gemant 
and v. Philipoff 14 , is retained. Here, c g denotes the capacitance of the actual 
discharge site, e.g., in a gap of constant width, c d the capacitance of the solid 
dielectric affected by the discharge and C p the capacitance of the rest of the 
object, which is capacitively coupled to the discharge site. When the rising 
voltage across the system reaches a level U 0 , the discharge-ignition voltage 
U di of c g is attained and a discharge pulse locally bridges the gap. During 

u 

1 




Cd 



Fig. 3. Analogue model for deriving the power dissipation from partial discharges. 
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the very short lifetime of the discharge (of the order of 10 ns), the circuit 
of Fig. 3 is assumed as usual to be isolated from the voltage source owing 
to inductances in the voltage source and the leads. The reduction of the 
charge initially stored in c 9 leads to a rearrangement of the charges in the 
circuit with a resulting decrease of £/ 0 to a value U' 0 . After this a charge AQ p 
is supplied to the circuit from the source with a time constant, which is normally 
greater than the lifetime of the discharge, but small compared with the rate 
of change of the applied voltage. 

Changes in the system during the life of the discharge pulse may be assumed 
to contribute to the energy dissipation in the discharge. As far as changes 
in the dielectric polarisation of the solid dielectric are concerned, the high- 
frequency part of the permittivity is of relevance. In the case of a frequency- 
dependent permittivity (the low-frequency permittivity usually being superior 
to the high-frequency value), subsequent dielectric heating of the solid dielectric 
will take place. 

The usual way of analysing the model which is also followed here is to 
compare the potential energy of the capacitance network before and after 
the charge redistribution caused by the discharge, and to interpret the differ- 
ence as being the amount of energy dissipated as a consequence of the dis- 
charge. This can be done in an elementary way by assuming, as is indicated 
in Fig. 3, that a short circuit with a constant discharge remanent voltage 
U dr is established immediately after the breakdown of c g . This forces a charge 
AQd = c d[(Uo — U di ) — (Uq— U dr )] to traverse the short circuit, which gives a 
contribution to the energy dissipation. 

The derivation given in the appendix yields an expression for the energy 
dissipated by one discharge: 



It should be mentioned that the foundations of the above derivation are 
not rigorous in the sense of the actual physical mechanisms. However, the 
good correspondence of this simple theory with measured results obtained 
under experimental conditions, as given in, for example, 21 , on the one hand, 
and the limitations of the analogy, which will be discussed in 4, on the other 
hand suggest that a further elaboration of the energy equation based on the 
present model, e.g., through the solving of differential equations for the current 
and voltage distributions as a function of time, is not justified. 

The charge flow AQ p into the circuit is an empirically given quantity. The 
total discharge energy dissipated by N discharges is proportional to U N AQ p . 
The energy derived from pulse-magnitude measurements and pulse counts 
is correct to the extent that the measuring methods enable a proper averaging 
of the statistical variations of the pulse amplitude to be made in the measuring 




(2) 
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process itself or in subsequent calculations. The pulse statistics are known 
to be influenced by experimental parameters. 

The time average of the statistically distributed Ag p 's is the mean discharge 
current I md : 

1 md " 

where t is time. 

With the substitution of I md for AQ p , Eq. (2) is transformed into an ex- 
pression giving the power dissipation by discharges, which we shall call P d . 
Thus, 

Pd=¥UU di +U dr )(l + C ^ (3) 

The voltage term shows, perhaps rather surprisingly at first sight, that the 
discharge power increases with the discharge remanent voltage. This is caused 
by a term (U di —U dr ), the factor (U di —U dr ) of which enters into AQ p . If 
conditions were arranged to give equal I md s in two circuits, one with U dr = 0 
and the other with U dr = aU di , dissipation would be greater in the second 
circuit by a factor (1 +a). In terms of our model, U dr can vary between the 
limits 0 and U di . Physically speaking the upper limit of U dr is certainly lower. 
Thus, 

U di <U di +U dr <2U di 
We shall return to the discussion of U di and U dr in 4. 

The term 1 + c g /c d reflects the contribution to the dissipation of the current, 
which changes the state of polarisation of c d . The discussion of its significance 
has been initiated in this laboratory by Dick. Our findings are published 
in 8 . Subsequently this question has been investigated by Bui-Ai 7 . Other workers 
have independently arrived at this term 6 ' 13, 18, 27 without making any inter- 
pretation. 

The local capacitances c g and c d , which are associated with the individual 
discharge pulse, cannot be directly determined. They are affected by several 
experimental parameters and are subject to statistical variations even under 
constant conditions. It may be assumed that c g /c d =C g /C d , i.e., the ratio 
of the gas and solid dielectric capacitances of the whole arrangement between 
the electrodes. 

It would be incorrect to assume that c g and c d can be separately determined 
as € 0 A/d g , k€ 0 A/d d from measured values of the area A affected by a 
single discharge as observed by, for example, Mason 24 , Thomas 30 , Bertein 3 
and Grosskreuz 15 . Instead, c g and c d are capacitances between a small area 
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A and a parallel infinite plane at distances d g +djk, djk, respectively. As 
is suggested in Fig. 4, this problem is equivalent to the determining of the 
capacitance with edge effects between parallel plates with areas A at twice 
the actual distance. Because the ratio between this capacitance and the homo- 
geneous field capacitance eA/d is a constant, 2.163 (see, for example, 10 
v. Ill p. 80), it is not necessary to derive the actual capacitances in order to 
obtain a correct value for c g /c d . This argument does not apply, however, 
to the time-varying field distribution during the life of the discharge. 

The values of C g and C d used in the present work usually cause their ratio 
to be considerably smaller than unity. The error made in determining the 
entire term (1 + C g /C d ) is thus usually not important. CJC d can also be 
written as d d /kd g , where d denotes thickness, and k the relative permittivity 
of the solid dielectric. 




Fig. 4. Field pattern from oppositely charged parallel plane conductors with limited area. 
Lines of force and equipotentials. 



Ill 



3. Analysis of the experimental results 

The calorimetric measurements yield associated values of P k , I md , U { and 
U e in cells with known d g , d d and k. The following approach was chosen 
for evaluating the experimental data: values of (U di +U dr ) were calculated 
for each run from 



(U di +U dr ): 



A normalised result was obtained with the introduction of an index B 

u di +u d! . 



B=- 



(5) 



When U dr vanishes, an upper limit of U di is obtained. A direct assessment 
of the actual values of U di and U dr requires additional information. 



3.1. Measurements in nitrogen 

In Fig. 5 the index B for one series of measurements is shown as a function 
of I mdp . There is no significant dependence. 

B 



0.5 





e 


d g = 0.25mm 
d d =0.14mm mica 


1 — 


• 

e 





0.5 



1 



1.5 
•mdp .m A 

Fig. 5. The normalised voltage index B as a function of the mean discharge current (positive 
component) I mdp in a cell with nitrogen. 
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Fig. 6. The normalised voltage index B as a function of the gap width in symmetrical and 
asymmetrical cells with nitrogen. 



The mean values and standard deviations of B are shown in Fig. 6 for dif- 
ferent gaps d g in asymmetrical and symmetrical cells. The mean values for all 
measurements with each type of cell are indicated. The i?-values are normally 
distributed. A statistical Mest ( 16 , Ch. 15) shows that the deviation of the 
means is significant (? = 4.0). There is a clear indication that U di +U dr for 
symmetrical cells increases in narrow gaps. The 0.15 mm value representing 
36 measurements is not included in the calculation of the mean value for all 
symmetrical cells. 



3.2. Measurements in air 

Inspection of the records for different series of measurements reveals that 
the i?-values in some but not all series are grouped in a high and a low popula- 
tion. The division is governed by the discharge current. As an illustration, 
the i?-values from an extensive series are plotted in Fig. 7 together with P k - 
values. A marked transition occurs at about 600 juA. This critical current 
seems to vary with d g ; the thicker the gap, the greater is the critical current. 
It appears that the discharge regime differs in some way for low and high 
currents. This effect is particularly noticeable in work with asymmetrical 
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Fig. 7. The normalised voltage index B and the calorimetric discharge power P k as functions 
of the mean discharge current (positive component) I mdp in an asymmetrical cell with air. 

Gap width 0.8 mm. 



cells. It has also been observed, however, with symmetrical cells. After this 
effect was discovered, the records for each series were inspected for the presence 
of this division, and the individual measuring points were allotted to a low- 
current group (high B- values) and a high-current group, respectively. In most 
cases, this could be done quite unambiguously. A few values, which might 
belong to either group, were intuitively allotted to one or other population. 
This can have only a small influence on the statistics. After this sorting and 
a preliminary check of the possible influence of d g on the mean values, which 
was found not to be significant, mean values and standard deviations for B 
in the low- and high-current regimes were determined. The results of the 
statistical evaluation of the data are summarized in Table 2. 



Table 2. B-values in air. Cells with mica. 





Asymmetrical 


Symmetrical 


High-current regime 






Mean value 


0.56 


0.68 


Standard deviation 


0.067 


0.090 


Number of observations 


42 


34 


Low-current regime 






Mean value 


0.78 


0.90 


Standard deviation 


0.090 


0.068 


Number of observations 


38 


48 
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Cell voltage, 
kV(R.M.S.) 

5- 



A- 



3- 




d g =0.7mm 
d d =0.1Amm mica 

2- 



1- 



0 50 100 150 

time.min 

Fig. 8. The time required for the regime transition to occur as a function of the voltage 

applied to the cell. 



A statistical Mest shows that the difference between the means for the 
high- and low-current regimes, respectively, is highly significant (t>!2). The 
same is also true of the difference between the mean values for asymmetrical 
and symmetrical cells (t>6.5). 

The results from the asymmetrical cells with gaps 0.15 and 0.25 mm and 
the symmetrical cell with d g = 0.l5 mm belong entirely to the high-current 
population. The cells with d g =l.l& and 1.03 mm (asymmetrical) and the 
symmetrical cells with d g = 1.10 and 0.80 mm and one of the 0.60 mm cells gave 
low-current readings only. In the rest of the cells the transition was observed. 

This phenomenon, although not of primary importance in, for example, 
discharge resistance testing, deserves some attention in order to avoid un- 
necessary uncertainties in the interpretation of relative tests. The transition 
between the two regimes reveals itself in the current-voltage characteristic. 
The discharge current readings suggest that the phenomenon requires some 
time to become established after the beginning of the discharges. This time 
varies with the applied voltage as shown in Fig. 8. Measurements with a cell 
with a high-voltage electrode of about half the standard area indicate that 
the regime transition depends on the current rather than on the current 
density. The interpretation of this phenomenon is discussed in 4. 
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Fig. 9. Dependence of the normalised discharge-inception voltage on the gap width d g of 

cells with nitrogen and air. 



3.3. The discharge-inception and discharge-extinction voltages 

These magnitudes are defined as the R.M.S. voltage between the electro- 
des, i.e., across the entire object, when discharges begin to appear at a gradually 
increasing alternating voltage (U t ) or to disappear at a decreasing voltage 
(U e ). Owing to local fields produced by surface charges, which are deposed 
on a dielectric surface by discharge pulses, U e is always smaller than U t . 
This does not imply, however, that a determination of U t gives the true U di 
when U { is divided by (1 + C 3 /C d ). Surface charges from previous discharges 
may provoke discharges, which gives too low a C/ r value as compared with 
a charge-free surface. The error depends, among other things, on the time 
which has elapsed after the last discharge, the surface resistivity of the di- 
electric, and on the sensitivity of the discharge detecting device. 

The regular recording of U t (and U e ) in our measuring routine enables a 
comparison of the mean value of U t to be made for each series of measure- 
ments with U p and U di +U dr , see Fig. 9. In Fig. 9 U t is transformed from 
(R.M.S.) to (peak values). U t is usually less than U p but greater than U di + 
U dr . The standard deviation of U t is of the order of 5 per cent. 

For practical purposes U t is usually used in calculating discharge energy 
or discharge power. The relation between U t and U di — assuming U t to be 
the correct value — is 
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Thus, Eq. (3) transforms into 



P = I md U i (l + a) 



(6) 



where 



U, 



dr 



a 



di 



Experimental discharge-inception voltages are subjected to some uncertainty, 
as has been discussed above. U di , however, is still not known with any greater 
accuracy and, moreover, may be affected by the experiment, e.g., owing to 
a varying composition of the atmosphere or varying pressure. In addition, 
the use of tabulated £/ dr values, if available, requires d g to be known with 
considerable accuracy. So far, therefore, Eq. (6) appears to be the most 
suitable approach to discharge power determinations based on the usual 
electrical data. In comparative tests with constant d g , however, it is practical 
to retain U di . The results of the present investigation are applied in a general 
way by using the power equation in the form 



Paschen breakdown voltages of air, nitrogen and hydrogen at atmospheric 
pressure as a function of the electrode spacing are given in Fig. 1.1 of 21 , see 
p. 12 of this issue. 

3.4. Cells with organic dielectrics 

Runs with an asymmetrical cell with d g = 0.45 mm with polyethylene ter- 
ephthalate foil as dielectric yielded mean B- values of 0.84 in nitrogen and 
0.90 in air. A symmetrical cell with d g = 0.33 mm gave an average B- value 
of 0.72 in air. Two long-term runs were performed with this cell, the results 
of which are shown in Fig. 10. Runs with epoxy-impregnated mica paper in 
air gave an average B- value of 0.95 in an asymmetrical cell with d 9 =0.50 mm 
and i? = 0.72 in a symmetrical cell with d g = 0A5 mm. The purpose of 
these experiments was to ascertain whether the effects found with mica 
cells could also be observed in cells with organic dielectrics. The material is 
not sufficient to permit a detailed discussion. In work with organic dielectrics 
changes in U di , and possibly also in U dr , may arise owing to the accumulation 
of volatile deterioration products from the exposed surfaces. 




(7) 



or 
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d g = 0.33 mm 

d d = 2*0.19mm PET 



0.5 





0 10 20 30 

hours 
Exposure time 

Fig. 10. Dependence of the normalised voltage index B on the exposure time in cells with 

polyethylene terephthalate. 
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4. Discussion 



4.1. *7 di and U dr 

The results of the measurements of U di +U dr and the index B represent, 
as has been mentioned, upper limits f or U di , which are approached if U dr is 
negligible. The interpretation assumes the validity of the model on which 
the power equation is based. 

The majority of our results show that U di is less than the Paschen value 
U p , in agreement with results reported by Mason 24 and other workers but 
in contrast to the widely quoted findings of Hall and Russek 17 , who state 
that U di is equal to U p , and of workers of the Toulouse school. Thus, Fieux 12 
and Mendes 25 found that U di is equal to, or slightly larger than, U p ; Bui-Ai 7 
holds that the difference in electron emission properties between metals and 
dielectrics causes U di in a gap bounded by dielectric surfaces to exceed U p . 

Experiments with A.C. breakdown in air and nitrogen have been performed 
in this laboratory with stainless steel electrodes with spacings of 0.1, 0.5 
and 1 mm. They yielded results in good agreement with handbook values 23 . 
In order to obtain information about the influence of electrode properties, 
U p in air was determined at a 1 mm gap spacing with high-voltage electrodes 
of brass, aluminium (which is always covered by oxide) and graphite (low 
secondary electron emission, high resistivity). The deviations between the 
runs were found to be 5 per cent or less. The standard deviation of each run 
was 1 per cent or less. The electrode material thus does not appear to influence 
to a marked degree U p at atmospheric pressure of millimetre gaps with con- 
ducting electrodes. 

Statements in the literature about the value of U dr are sparse. Many workers 
prefer not to express explicit opinions and assume more or less arbitrarily 
that U dr is negligible in their calculations, e.g. 22 . Bui-Ai advances a hypothesis 
that U dr is proportional to U di 7 . Heller 18 , Riege 28 , Boning 6 supported by 
Veverka 31 derive values of U dr from calculations of the coupling effects be- 
tween the discharge site and the surrounding parts of the dielectric surface 
through surface conductivity. Of these authors only Riege arrives at a true 
U dr which is established during a sufficiently short time to affect the live 
discharge. The U d /s of Boning, Heller and Veverka, which are appropriately 
named "return voltages" by these authors, appear after the discharge is ex- 



119 



tinguished and have consequently no effect on the energy dissipation in the 
discharge. However, they influence the occurrence of subsequent discharges. 

The calorimetric results discussed here cannot be interpreted unambiguously 
as revealing the existence of a discharge remanent voltage. Any difference 
from Paschen values or between different series of experiments (e.g., sym- 
metrical and asymmetrical cells) permits an interpretation in terms of a 
variation in U di as well as in U dr . Before the question is considered any further, 
the peculiar phenomenon of a regime transition in the experiments with air 
cells will be discussed. 



4.2. The regime transition : validity of the analogue model 

An attempt could be made in the first place to explain the phenomenon as 
being caused by a change in the atmosphere, which affects U di . Ozone and 
nitrous oxides, which are formed in air owing to discharge action, are strongly 
electronegative. Their accumulation would tend to increase U di , which is 
proved in 5 , in contrast to the observed effect. It is difficult to accept that a U dr 
(high for low currents and low or absent for high currents) caused by a possible 
blocking action of the dielectric, as discussed below, can be subject to a regime 
transition. Moreover, it is difficult to explain in this way the occurrence of 
the effect in air but not in nitrogen. 

The regime transition in air, however, can be interpreted if one considers 
the well-known f act that partial discharges against dielectric surf aces usually 
consist of more than one stage, i.e., an axial discharge followed by one or 
more generations of discharges tangential to the surface. Such a mechanism 
is not covered by the simple analogy model (Fig. 3) from which the power 
equation is derived. The experimental establishment of the limitation of this 
commonly applied model justifies some further discussion. 

From gas discharge physics it is known that the diameter of a discharge 
pulse bridging a stressed gap is small, of the order of 0.1 mm. On the other 
hand, investigations of the area of the insulating surface affected by single 
discharges have revealed in many cases considerably greater sizes, with diam- 
eters up to several millimetres 3 ' 15 ' 24 ' 30 . The secondary events, which occur 
tangentially to the surface, are related to the formation of Lichtenberg patterns. 
Investigations of the dynamics of discharge pulses 1 ' 7 reveal (Fig. 11) that 
the primary pulse and secondary events often tend to merge, i.e., the secondary 
discharge finds its way through the still conducting path of the primary dis- 
charge. The relevance of these facts to the analogy model shown in Fig. 3 
is a variation with time of the capacitance c d of the part of the solid dielectric 
affected by the discharge, and probably also of the capacitance of the affected 
gas volume c g . 
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0 1 2 3 A 5 6 

ns 

Discharge pulse (Bailey) 

Fig. 1 1 . Oscillogram of partial discharge pulse (according to Bailey). 

A revision of the model shown in Fig. 3 in order to obtain a closer approach 
to reality entails considerable difficulties. The results of quantitative physical 
investigations of gas discharges against dielectric surfaces would be required. 
Even if such inf ormation were available, the resulting model would probably 
lack the main merit of the simple model, i.e., the possibility of obtaining the dis- 
charge power dissipation from simple electrical measurements on the object 
in which partial discharges occur. 

The critical argument about the limited validity of the simple analogue 
model might be reversed to some degree, if it is observed that the error as 
revealed, for example, by the deviation of our B- values from unity, is not very 
great. Against the background of the difference between the actual discharge 
process and the idealisation inherent in the simple model, this appears to be 
rather interesting. From a practical standpoint one might contemplate improv- 
ing the accuracy of energy and power determinations from electrical measure- 
ments of the object, without making changes in the idealised basic assumptions 
of the model, by applying an empirical correction. 

Returning to the interpretation of our measurements, one cannot regard the 
calculated i?-vahies as representing true values of (U di + U dl ). The discussion 
of the voltages characterising the discharge must therefore be renewed. Two 
approaches appear to be reasonable: 

1. The discharge-ignition voltage values found from inception- voltage deter- 
minations are accepted and used for evaluating the calorimetric results. 
The published results reviewed above, which are indirectly supported by 
our breakdown measurements with different electrode materials, point 
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towards the hypothesis that the Paschen breakdown figures are true or 
approximately true in the considered situation. 

2. The calorimetric results (current, power) are examined in the light of a 
qualitative picture of the actual discharge process. 

Case 1 does not exclude the possibility that some qualitative judgement 
of U dr might possibly still be obtained. This can hardly be so, however, with 
case 2. 

As to the regime transition in air, it might be suggested that it is caused 
by a changing pattern — on the average — of the secondary phase of the dis- 
charge. It is known from investigations by, for example, Mason, how different 
(number and size of side branches, etc.) the appearance of the surface dis- 
charge pattern can be, and how the appearance is affected by the composition 
of the atmosphere. The equilibrium concentration of ozone and nitrous 
oxide in stationary air is thought to play a role in this connection. The observa- 
tion by Katakis and Bersis 19 that increasing ozone concentration in an ozoniser 
affects the appearance of the discharge pulses towards increasing intensity 
of the secondary events supports this view. In this connection, the decrease 
of the surf ace resistivity of the insulation 9 ' 4 due to discharges may also exert 
a certain influence. 

4.3. On discharge mechanisms 

It is tempting to speculate about the mechanisms of partial discharges. 




Fig. 12. Model for estimating the field intensity in front of a growing discharge in a gap 

bounded by a dielectric. 
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There might be a difference in the conditions for the last stage of the prop- 
agation of an individual discharge pulse between metallic electrodes and 
against a dielectric surface. If we roughly assume, as is indicated in Fig. 12, 
that the head of the discharge is at cathode potential and that the field in 
the discharge axis is crudely represented by the one-dimensional approxima- 
tion, an expression for the stress concentration in front of the discharge head 
is obtained: 

dg + — 



which has its maximum value (l+kd g /d d ) for x = d g . This expression applies 
irrespective of whether the discharge strikes from metal to dielectric, from 
dielectric to metal, or between dielectrics. As shown schematically in Fig. 13, 
E gx increases only slightly with x in the final part of the discharge path, in con- 
trast to the fi eld at the head of a discharge between conductors, which increases 
as dg/(d g —x). Discharges in gaps bounded by insulation thus seem to lack the 
final intensive acceleration stage owing to mirror f orces, which are characteris- 
tic of discharges in narrow metal gaps. 

A somewhat closer estimate of the fi eld in front of the discharge head may 
be obtained, if, for example, a model consisting of two oppositely oriented 
coaxial dipoles representing the electron avalanche and its mirror image is 
assumed. The dipole moment of the avalanche is approximately p(x)=qe ax /a 
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(g-electronic charge, a-Townsend's first coefficient). The field intensity in front 
of the avalanche is approximately E(x)=p(x)(8ns 0 )~ 1 (d g — x+d d /k)~ 3 . 

When the same crude representation as above is applied, it is seen that a 
radial field distribution develops on the dielectric surface under the approaching 
discharge. The conditions for initiation of secondary, tangential discharges 
when, or immediately before, the primary discharge reaches the boundary 
may be thought to be more advantageous than for the primary discharge; 
its target area is bombarded by U.V. photons and — at the appropriate polar- 
ity — by electrons. 

The development and ultimate size of the secondary surface discharges may 
be thought to depend on the properties of both the solid surface and the 
atmosphere. Neumarker 26 has studied the development of tangential surface 
discharges and found a value of 7.5 kV/cm for the voltage gradient in a 
growing discharge channel. Our observation of increasing B- values for narrow 
symmetrical gaps with nitrogen may be interpreted as being caused by a de- 
creasing intensity of the tangential secondary discharges for narrow gap spa- 
cings. 

There does not exist much evidence to permit an analysis of the type 
of gas discharge which constitutes partial discharges — whether of the Towns- 
end, streamer or space-charge-enhanced single-avalanche type. In spite of 
the very fast rise (of the order of 2 ns) of the impulse front reported by Bailey 1 
and of the extremely brief processes (0.5 ns) observed by Zavojskij 33 in dis- 
charges in narrow air gaps at VHF voltages, the multi-generation-avalanche 
Townsend mechanism cannot be ruled out. The relatively long initial phases 
of the build-up of this type of discharge would probably have escaped observa- 
tion. As to the pronounced dependence of the Townsend breakdown on the 
properties of the electrode surfaces, existing evidence is probably too sparse 
to permit a judgement. 

One of the quick discharge mechanisms without secondary electrode events, 
namely space-charge-accelerated single-avalanche breakdown 32 or streamer 
breakdown, i.e., the formation of a plasma channel from the inflow of electrons 
from secondary avalanches initiated in the gas near the head of the primary 
avalanche, may intuitively appear to be a more satisfactory explanation. 
The streamer mechanism is usually considered to be characteristic of relatively 
long discharges. A quantitative assessment will not be attempted here. It 
may be observed, however, that the radial field distribution produced by an 
avalanche approaching an insulating gap boundary might have some relevance 
to Meek's criterion for the avalanche-streamer transition (equality of the 
axial and radial field intensities at the avalanche head owing to field distortion 
by space charges). 

Saxe 29 has reported interesting image-converter observations of rapid (1 to 
3 ns) glow and channel propagation from cathode to anode in air. 
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It is usually held that avalanches can develop into streamers, when the 
number of electrons in the head of the discharge exceeds about 10 8 . Bearing 
in mind that 1 pC is equivalent to about 3 x 10 6 elementary charges of each 
sign, discharges exceeding some 10 3 pC might be over-critical, even if a con- 
siderable part of the observed discharge magnitude originates from secondary 
tangential events by the dielectric surface, as discussed by, for example, Edel- 
mann 11 . 

In the light of the results and discussion presented above, a closer study 
of the physics of gas discharges against dielectric surfaces would appear to 
be desirable. 
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Abstract 

The results of calorimetric discharge-power determinations are interpreted 
in terms of the sum of the discharge-inception and the discharge remanent 
voltages assuming a commonly accepted analogue scheme. The adoption of 
this scheme, on which discharge-power determinations are usually based, is 
shown to be justified for practical purposes when a limited accuracy can be 
accepted. A closer analysis of the results reveals, however, the limitations 
of the scheme. 

A current-dependent discharge-regime transition in air is observed and an 
explanation is proposed. This transition is absent in nitrogen. 

A discussion of discharge mechanisms leads to the conclusion that the 
discharge-inception voltage of gaps with dielectric boundaries probably coin- 
cides with the Paschen values. Differences in the breakdown mechanisms in 
gaps with conducting and dielectric boundaries are indicated. 
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followed more easily, if W is separated into the three components W p , W g 
and W d . Thus, 

W p = i CI Ul - U' 0 2 ) = i CJ U 0 - U' 0 ) ( U 0 + U'o) 



_t C P c <i 

~~ 2 



2C/„, 1 + 



(u di -u dr ) 



^p + C d 



c g C ~^(U di +U dr ) 



(A 4) 
(A 5) 



W d = ^cl(U 0 -U di ) 2 -(U' 0 -U dr ) 2 -] 



= ic d [(U 0 -U di - U' 0 +U dr )(U 0 -U di + U' 0 -UJ] 



— 2 L d 



C p + c d 



(U di -U dr )-(U di -U dr )j 



CA 

1 di 



2U + -I U,;—^— (U di - U dr ) - U di - U a 



Cp + Cd 



2 C p + c d 



(u di -u dl .) 



7 ~ r {U di -U dr ) + 2U di - 9 

_C p + C d C d 



(A 6) 



Eqs. (A 4), (A 5) and (A 6) are brought into f orms containing a common 
factor, which is denoted 



Cp C d 



AQ^TT^r-iUdi-u,,) 

~ 'p + C d 



' P C p + c a 

The charge AQ P necessary to restore the network from Uq to U Q is 



Cp C d 

C p + c d 



AQ P =T^-{u di -u dr ) 



1 + 



Ca c. 



d^-g 



C p (c d + c g ) 



Thus, 



(A 7) 



(A 8) 
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The total energy change W is 



2U di [l + 



C d! Cp + C d 



(U di -UJ 



+ 



c a (C n + c d ) C n c 
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Insertion of Eq. (A 8) in Eq. (A 9) yields 



1 + 



w=iAQ P (u di +u dr y 



c 9 (C p + c d ) 
C p c d 



1 + 



Ca c 



d^g 



W=iAQ p (U di + U dr ) 1 + 



C P (c d + c g ) 



(A 10) 



Eq. (A 10) follows exactly from Eqs. (A 1), (A 2), (A 3) and (A 7), whereas 
earlier derivations, e.g., by Dick, Sletbak and the author 8 — U dr is assumed 
to be negligible — and by Bui-Ai 7 were carried out neglecting small terms of 
the type c g /C p , c d /C p , etc. 
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SOME OBSERVATIONS OF THE TREEING 
BREAKDOWN IN EPOXIDE RESINS 



Andreas Kelen and Lars-Erik Larsson 
Central Laboratories, ASEA, Vasteras 



During experimental work aimed at the development of a treeing test for 
insulating materials 1 , the propagation of treeing channels in transparent 
epoxide mouldings with a point-plane electrode geometry was studied by a 
microscope technique. Fig. 1 shows the extension for the field direction of 
the longest channel as a function of time for different alternating voltages 
applied to the sample. The sample preparation technique is described in 1 . 
The growth of a tree is observed in some cases to start as soon as the voltage 
has been applied. In other cases the growth begins after an induction period, 
which can amount to several hours, possibly as a result of the erratic occurrence 

Length of the longest 
mm treeing channel 



0.5 
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14 kV^^ 










12 kV^^^ 
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10" 3 10" 2 10" 1 1 10 10 2 

time.h 

Fig. 1. Projection of the treeing channel in the field direction as a function of time at 

different applied voltages. 
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Fig. 2. Treeing pattern, first stage. 



of over-voltages of sufficient amplitude. The induction period is not included 
in the times indicated in Fig. 1. 

Branching treeing channels have been observed to propagate in other 
directions than the field lines would have, if the dielectric medium were assumed 
to be homogeneous and free from charges. Thus, retrograde side channels 
have been seen to propagate from a branching point on the main channel 
back towards the point electrode. Channels approaching the plane electrode 
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Fig. 3. Treeing pattern, first, second (at the electrode point) and third stages. 



were observed in some cases to pass over its edge and return to it from the 
rear side. A considerable field distortion in the dielectric owing to local charge 
accumulation by the walls of treeing channels in thus indicated. 

In many cases a considerable time elapses from the instant of the complete 
penetration of a treeing channel from the point to the plane electrode until 
breakdown. Similar findings have been reported by Olyphant 2 . 

We have observed the progress of the treeing degradation under the micro- 
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scope during voltage exposure. Our main interest was directed to the last 
stage of the deterioration after treeing channels have completely bridged 
the electrodes. Two distinct deterioration patterns could be discerned: 

1. With the illumination turned off, discharges were sometimes seen to 
strike along the whole or part of the length of a primary treeing channel, 
which had been seen earlier with dark-field illumination. After such a phenom- 
enon had occurred, the appearance of the channel in dark-field illumination 
had changed. It had a wider and brighter appearance (due to total reflection). 
While the primary channels have a hair-like appearance with a width which 
is not resolved (<1 ^m), the channel in its secondary phase has a width of 
2-5 jum as estimated with an ocular micrometer. The transition of channels 
or parts of channels from the primary to the secondary stage appears to 
the eye to be instantaneous. 

2. A local bubbling activity resembling gas evolution in a liquid is regularly 
observed in treeing channels in the primary or secondary stage. This results 
in a widening of the channel to 10-30 /mi, the third stage. The active part of 
a channel has a silvery appearance, but after some time turns yellow, red or 
light brown. The activity may be localised or tends to propagate along the 
channel, in which case strings of bubbles are often seen to move. The move- 
ment may be away from, or towards, the point electrode. The "bubbles" 
often have a very bright silverish or red appearance. They have never been 
observed, however, to be self-luminous. Observation in the dark has revealed 
that "bubbling" is sometimes associated with flashing of neighbouring narrow 
channels, but this is not typical. The development of the third phase of channel 
growth requires considerable time, from seconds to hours. It is followed by 
breakdown. 

Our observations may suggest a mechanism of the breakdown in a bridging 
treeing channel— especially the development of the third stage — similar to 
the mechanism of surf ace tracking breakdown of insulators reported by Hamp- 
ton 3 . The "bubbling" sites in the channel may be interpreted as being caused 
by thermal effects due to current instabilities in a conducting surface layer 
with high resistivity on the channel walls. The local erosion observed may 
be caused by the thermal degradation of the polymer, possibly assisted by 
intensified discharge action. The propagation of "bubbling" is thought to 
be associated with both a pressure rise caused by polymer degradation and 
changes of the conduction properties of the channel wall. 

It may be thought that local carbonisation at sites of current instability 
in a channel, if considerably lowering the surface resistivity of the wall, would 
tend to transfer the instabilities successively over the remaining portions of 
the channel and thus contribute to the ultimate breakdown. 

The interpretation of our observations in terms of a high-voltage tracking 
mechanism may throw some light on the last phase of treeing breakdown 
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in polymers after primary channels have bridged the electrodes without loss 
of dielectric strength at the applied voltage. The mechanism should depend 
on material properties and geometry and on the nature of the material deterior- 
ation under the action of internal discharges and temperature. It is probably 
one of several competing mechanisms encountered in the ultimate stage of 
treeing breakdown. 
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Abstract 

A study of the last phase of treeing breakdown after a primary channel has 
bridged the electrodes reveals two development stages. The last stage is 
discussed in the light of a known mechanism of insulator flashover. 
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